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Abstract 
Future energy solutions are required not only to deliver energy for a rapid growing global 
population, but also to safeguard the environment, which provides the basis of life on 
Earth. The Earth receives 3020 ZJ yr-1 of solar energy [1], which dwarfs today’s global 
energy demand of 0.56 ZJ yr-1 [2] and so even at low solar-to-chemical energy conversion 
efficiencies solar fuel systems could theoretically supply global fuel demand. Ultimately 
this theoretical limit will be restricted by practical, economic and socio-political constraints 
but it is clear that solar energy is by far the most abundant energy source available to us 
and capable of driving a significant portion of a future renewable fuel industry, be it via 
artificial solar or solar biofuels systems. 
 
Biofuel systems convert solar energy into chemical energy in the form of biomass using 
photosynthesis. In the biomass the energy is stored in organic molecules including oils, 
proteins, starch, lignin, and cellulose. Microalgal systems can offer potential advantages 
such as security of supply through regionally distributed production as well as the 
generation of useful by-products and the utilisation of waste streams. A detailed literature 
review is given in chapter 1 discussing the ideas and difficulties of microalgae as an 
energy technology. Additional background on the requirement and availability of resources 
for biomass production, the characteristics of microalgae biology and strain optimisation, 
as well as the challenges of phototrophic mass cultivation and process management are 
reviewed prior to the relevant research chapter 2, 3 and 4. 
 
The optimal production of selected microalgae strains requires the optimisation of 
nutrients, CO2 levels, light dilution properties, pH and temperature. The development of a 
powerful automated high-throughput microalgal screening system is described in chapter 
2. It is designed to identify improved nutrient conditions for a broad range of species within 
a complex multi-dimensional statistical space focusing on the optimisation of the 12 most 
important nutrients in photoautotrophic (light and CO2) conditions. These include macro- 
(N [i.e. NO3-, NH4+ & urea], P, Ca, Mg) and micro-elements (Mn, Zn, Cu, B, V, Si, Fe, Se) 
with the remaining ones provided in reportedly replete levels and at 1% CO2 
concentrations (adjustable). 
 
In chapter 3, 100 microalgae strains (axenic) have been analysed for growth kinetics using 
the automated nutrient screen matrix (chapter 2). Approximately 600,000 data points were 
recorded and the optimum photoautotrophic conditions for maximum biomass production 
  
ii 
for each microalgae strains were statistically defined. Calcium, magnesium and zinc were 
identified as the most significant nutrients affecting growth at elevated CO2 concentration. 
The carbon source utilisation was also monitored for mixotrophic and heterotrophic 
conditions. The 10 best performing strains based on biomass productivity, taxonomic 
diversity and compositional analysis were then selected as production candidates for 
validation experiments in flasks. Chapter 3 (and Appendix A) also describes the collection, 
purification and identification of local microalgae used for the high-throughput nutrient 
screening. Local strain collections offer significant advantages for a developing microalgae 
industry by overcoming regulatory aspects (e.g. Quarantine restrictions) and intellectual 
property restrictions. Local isolates are also often more robust to local climate conditions 
compared to algal strains from culture collections. More than 100 strains (mostly 
Chlorophytes) have been purified to the axenic level and about 50% were successfully 
cryopreserved for long-term storage. The taxonomic identification was initially based on 
morphological classification and was refined through ribosomal DNA analysis (16S, 18S). 
 
The first step of all algae-derived products is the photosynthetic production of biomass, 
cultivated in ponds or specific photobioreactors (e.g. flat-panel or tubular systems). 
Chapter 4 compares the performance of a reference (Chlorella sorokiniana (12_A9)) and 
high productivity microalgae strain Chlorella sp. (11_H5) (two production candidate strains 
selected based on the analysis in chapter 3) in high-rate-ponds, flat-panel bioreactors 
(0.75 m and 1.5 m high) and tubular bioreactors (0.74 m and 1.49 m high) under 
subtropical field conditions. System inputs (light, nutrients, CO2), outputs (biomass, 
nutrient uptake, O2 and CO2) and population dynamics (micrographs and flow cytometry) 
were monitored to define key production parameters. The highest observed daily 
photosynthetic conversion efficiency (PCE) based on illuminated bioreactor surface area 
was 4.44% in the high flat-panel systems using C. sorokiniana (12_A9) (40.8 g.m-2.d-1, 
0.23 g.L-1.d-1). The highest achieved mean PCE (PBR surface based) was 2.5% in the low 
tubular bioreactor with Chlorella sp. (11_H5) (mean: 24.9 g.m-2.d-1, 0.43 g.L-1.d-1). A 
correlation was observed for C. sorokiniana (12_A9) between PCE and illuminated surface 
area to volume (SA:V) ratio in terms of areal productivity. Chlorella sp. (11_H5) appeared 
to perform better at high light and temperatures. 
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Chapter 1 
1  Introduction  
[The Green Energy Fund1] “[…] allows us to help developing countries break out of this 
false choice between development and pollution; let them leap-frog some of the dirty 
industries that powered our development; go straight to a clean-energy economy that allows 
them to grow, create jobs, and at the same time reduce their carbon pollution. […] It is in 
the nature of things, it is in the nature of the world that those of us who start getting gray 
hair are a little set in our ways, that interests are entrenched -- not because people are bad 
people, it’s just that’s how we’ve been doing things. And we make investments, and 
companies start depending on certain energy sources, and change is uncomfortable and 
difficult. And that’s why it’s so important for the next generation to be able to step and 
say, no, it doesn’t have to be this way. You have the power to imagine a new future in a 
way that some of the older folks don’t always have.” 
Barack Obama (15.09.2014, University of Queensland) [3] 
 
1.1  The importance of biomass production 
1.1.1  Global challenges (to create a sustainable future) 
The global population continues to rise steeply and is forecast to reach or exceed ~9 billion 
people (i.e. approximately 23% increase compared to 7.3 billion people in 2015 [4]) by 2050 
[5-8], thereby accelerating energy use [9]. Societal development [10-12] further increases 
energy demand and collectively these factors are increasing atmospheric CO2 concentration 
and its impacts upon climate change [13].  
 
                                     
1 The Green Energy Fund (http://news.gcfund.org) is a framework of the United Nations distributing money 
to developing nations to implement approaches to combat climate change.  
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Global challenges associated with climate change include increased temperatures and 
decreased soil moisture leading to global crop yield losses that cannot be recovered by the 
fertilisation effect of rising atmospheric CO2 concentrations [14, 15]. As globally there is 
little unused arable land left, security of food production and availability of fresh water for 
a growing population will be a major challenge for future generations. In addition, 
desertification and rising sea levels are expected to further reduce the amount of arable 
land available, while ocean acidification may increase the impact of overfishing. This is 
because ocean acidification impacts on ocean food webs by changing nutritional quality of 
essential macromolecules in primary producers that cascade up the food web [16]. 
Consequently there will be an increasing need for the implementation of sustainable 
concepts for: 
• Increased Energy security,  
• Protection against climate change and  
• Population controls and economic developments. 
 
The global carbon cycle represents a major part of the Earth’s climate system. Extensive 
studies are summarised in the fifth assessment report of the Intergovernmental Panel on 
Climate Change [17] and lead to the conclusion that human civilisation has interfered with 
this carbon cycle mainly through the combustion of fossil fuels. Michel Jarraud, secretary-
general of the World Meteorological Organization, summarised the findings [18] by stating, 
“Previously, people could have damaged the Earth's climate out of ‘ignorance’. Now, 
ignorance is no longer a good excuse. […] The IPCC report is based on more than 12,000 
peer-reviewed scientific studies [and this document is] the most solid evidence you can get 
in any scientific discipline." [1, 13, 17, 19, 20]. 
 
Atmospheric ‘Greenhouse’ gas (GHG) concentrations, mostly water vapour (H2O), CO2 
and methane (CH4), are affected by many processes including photosynthetic carbon 
fixation, human emissions of CO2 and CH4 from ‘production’ (mining, drilling) and 
combustion of fossil fuels (chapter 1.5 and 1.7), as well as through land-use changes such 
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as deforestation (chapter 1.6). Increasing GHG concentrations strengthen the greenhouse 
effect, causing global warming [13, 19]. The largest net GHG flow into the atmosphere is 
currently CO2 from fossil fuel combustion, at a rate of ∼3.5 GT C yr-1 [21] (35094 MT CO2 
[22]). When cement production is included ∼9.1 GT C were added to the atmosphere in 
2010 [23]. Combined with emissions from land-use change (0.9 GT C yr-1), this put total 
anthropogenic carbon emissions in 2010 at ∼10.0 GT C yr-1 [24]. Total CO2-equivalent 
(CO2-e) emissions of all GHGs in 2010 were ∼48 GT CO2-e [25]. Today, the atmospheric 
carbon dioxide concentration is at 395 parts per million by volume (ppmv) [21] compared 
to a preindustrial level which fluctuated between ∼180 – 280 ppmv [26] and are now at 
their highest level in 800,000 years [17, 27]. 
 
Irrespective of however many new oil fields are discovered, fossil resources such as crude 
oil, coal and natural gas are a finite resource [28]. Furthermore the demand for energy and 
especially transport fuels such as diesel and aviation fuel is likely to increase in the 
foreseeable future due to the increasing population and economic growth. Consequently it 
is expected that by 2050 we will require 70% more food [29], 50% more fuel [30] and 50% 
more water [31] and we must achieve this while reducing CO2 emissions [17]. This 
indicates that we must transition away from finite fossil fuel resources and instead develop 
systems capable of capturing solar energy which is far more abundant (~3,000 ZJ.yr-1 at 
the Earth’s surface) than total global energy demand (0.56 ZJ.yr-1). 
 
1.1.2  The importance of fuel 
In order to minimise anthropogenic contributions to climate change, hesitant global 
political efforts have begun to reduce greenhouse gas emissions. A primary focus has been 
on reducing anthropogenic CO2 emissions for example via emissions trading schemes and 
CO2 emission reduction targets. Furthermore, programs have been designed to encourage 
the deployment of renewable energy systems such as photovoltaics, wind, geothermal, 
hydroelectric or clean-coal technologies and others to promote energy saving measures.  
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In total the global primary energy use in 2010 was reported to be ~0.5 ZJ and is provided 
largely by oil, gas, coal, nuclear, hydroelectric and renewable energy sources [2]. According 
to the International Energy Agency (IEA), in 2008, ∼17% of global final energy 
consumption was supplied by electricity, ∼3% by heat and the remaining ∼80% directly by 
fuels [32]. Electricity is a very versatile energy carrier and worldwide the share of fossil 
fuels converted to it has increased about 10-fold since 1900 [1]. An increase in electricity 
consumption is projected to continue from 17% to 22% of global final energy consumption 
by 2030 [30]. The remaining 80% of global energy demand is supplied in the form of fuels. 
Consequently, there are vast industry sectors, including aviation and long-distance road 
transportation, which are likely to continue to depend heavily on liquid fuels for the 
foreseeable future due to their high energy density compared to other options such as 
existing charge-storage systems [33-35]. Current batteries have energy densities that are 
about 100 times lower than those of liquid fuels [36]. In this context the production of 
Hydrogen from water and its combustion via H2 fuel cells opens up an alternative CO2 
neutral fuel path which may become increasingly important as the stringency of CO2 
emission targets increases. 
 
Fossil fuels: Energy dense fuels to date are provided by non-renewable fossil fuels 
comprising coal (anthracite or lignite), crude oil (petroleum) (C5-C20 hydrocarbons) and 
natural gases (CH4, C2H6, etc.) (Table 1). About two thirds of coal consumption (∼41%) 
supplied electricity generation in 2008, followed by natural gas, at 21% [30]. One fifth of 
coal consumption was in the industrial sector and the remainder mostly in the building 
and agriculture sectors, as well as coal-to-liquids and coal gasification fuel transformations. 
Electricity generation by natural gas also accounted for the highest sectoral demand at ∼39% [30]. The second largest gas-consuming sector was residential and commercial 
heating, followed by industry [30]. In contrast, crude oil represents the single largest source 
of primary energy [2]. In 2008, 53% of oil consumed was used in the transport sector, 
which was powered 96% by oil-based fuels. Industry, building and agriculture sectors 
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accounted for the remaining consumption [30].  
 
Table 1: Fossil fuel resources, their common composition [1, 37] and contribution to CO2 emissions [38]. 
Fossil fuel Appearance/ properties Biomass origin Contribution 
to global CO2 
emissions in 
2008 
Coal 
(anthacite 
or lignite)  
Sedimentary rocks made up of 
partially decomposed organic matter, 
inorganic minerals and water 
Composed primarily of 
heterogeneous organic compounds 
derived from woody phytomass  
40% 
Crude oil Liquid mixtures of hydrocarbons with 
various structures (cycloalkanes, 
alkanes and arenes) and chain 
lengths (generally C5–C20) 
Chemical composition of a given 
crude oil is particular to a given 
deposit, with its own unique 
geological history 
Formed from aquatic biomass 
such as algae  
36% 
Natural 
gas 
Mixtures of the three smallest 
alkanes, CH4 (73–95%), ethane (3–
13%) and propane (0.1–1.3%) 
Can also contain butane, pentane 
and trace amounts of larger alkanes 
Formed by the same processes 
that form crude oil, though gas 
genesis requires temperatures and 
pressures sufficiently high to crack 
longer hydrocarbons into short-
chain hydrocarbons (<C5) 
16.5% 
 
Fuel reserves and profitability of its extraction: Debates about fossil fuel reserves 
often reflect the technologically driven side, arguing for a medium to long term supply 
security due to anticipated technological improvements to ‘harvest’ fossil reserves, and the 
geophysical driven side arguing that resource depletion (e.g. ‘peak oil’, [39, 40]) can only 
poorly be made up with technological improvements or other economic factors. This 
debate primarily focuses on crude oil. Critics of ‘peak-oil’ theory predict that declining 
production at conventional fields will be more than offset by adding new fields yet to be 
discovered (e.g. deep-water wells) plus natural gas liquids (NGLs) and ‘unconventional’ 
sources of oil such as ‘heavy’ oil, ‘tight’ (shale) oil and tar sands, as well as coal-to-liquid 
(CTL) and gas-to-liquid (GTL) conversions. In 2010, all unconventional oil sources 
together supplied only 3% of the global market [41]. However, a recent boom in shale gas 
and shale oil production rates in the US [42] has led to a prediction that these will 
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respectively grow three- and six-fold from 2011 levels by 2030 [43] – i.e. to 9 or 18% of 
the current global market. It is worth noting that this fraction will be a substantially 
smaller fraction of the total global energy market in 2030, which will have to expand 
significantly to supply a growing population and continued economic growth. Furthermore, 
recent reports suggest that there have been great overestimations of recoverable shale gas 
resources in the US [44-46]. Aside from questions of production rate (quantity), shale oil 
and gas extraction is more expensive (cost), resource intensive and environmentally 
damaging than conventional oil and gas drilling (on land) [46]. This is also generally the 
case for the previously mentioned unconventional oil production methods and deep-water 
drilling for conventional oil [46-49]. To account for quantity and cost of a given energy 
resource, its ‘Net Energy Balance’ (NEB) value can be calculated. This describes the 
amount of energy remaining after the energy ‘harvesting’ costs are subtracted (Equation 1) 
(the higher the NEB the better the energy resource). Many studies also use the unit less 
ratio of ‘Energy Return On Investment’ (EROI) instead (Equation 2) [40, 50]. Economists 
have argued that the net energy measures the useful energy for society and that expanding 
the supply leads to economic growth, while a decrease of supply constricts economic 
growth if the NEB is significantly positive [40].  
 
Equation 1:  
 
Equation 2: 
  
 
As exploration and production become more difficult, the EROI declines, driving up the 
price of oil and oil-dependent products and services [51, 52]. The limitation of EROI 
applies to all energy technologies. 
 !"#!!"#$%& = !"#$$!!"#$%&! "#$%&'$− !"#$%&!!"#$%&$'!!"! "#!!!"#!!"#$%& 
!"#$%&! "#$%&! "!!"#$%&'$"&!(!"#$) = !"#$$!!"#$%&! "#!"#$!!"#$%&!!"#$%&$'!!"! "#!!"#!!!"#$%& 
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Renewable energy: Large scale renewable energy technologies mainly focused on 
electricity generation ( 
Table 2) are often located far away from where it is needed and so must either be used 
immediately, ‘shipped’ or converted with an energy loss and stored [53]. Solutions of how 
to best ‘ship’ (e.g. as electrical flows or chemical packets) or store surplus electrical energy 
in the future remain challenging. 
 
Table 2: Clean-energy capture technologies used for renewable energy to date with their 
output energy source. 
Capture technology Output energy 
Solar thermal Electrical (Heat) 
Solar photovoltaic Electrical 
Wind Electrical 
Hydro Electrical 
Geothermal Electrical (Heat) 
Ocean Electrical 
Biomass Chemical 
 
Existing renewable energy conversion technologies that generate electricity provide no 
direct carbon sequestration capabilities though. Renewable fuels on the other hand, 
synthesised using atmospheric CO2, have the additional advantage that their production 
cycles can theoretically be made carbon-negative, sequestering more carbon in terrestrial 
stores than combustion of the fuels re-emits. For example, components of biomass not used 
for biofuel production can be pyrolysed into so-called biochar, which can be added to soil 
or buried for long-term sequestration [54]. In the case of biomass from microalgae up to 
55% of the assimilated carbon could be recovered as biochar [55]. 
 
Renewable fuel systems: Given the fact that 80% of global energy is still used in the 
form of fuel and that the use of fossil fuels results in CO2 emissions, it is increasingly clear 
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that international policies should include the development of renewable fuel systems that 
are powered by an energy source that is sufficiently large to supply global energy demand 
(e.g. solar energy). To date, renewable fuels developments capable of producing chemical 
energy are far less developed than renewable electricity systems that have already achieved 
market-readiness and indeed significant market penetration. 1st generation biofuel 
technologies (e.g. bio-ethanol) raised significant food versus fuel concerns (see [56]). Next-
generation biofuel systems (e.g. algae biofuel systems) are aimed at a more sustainable 
renewable fuel production while eliminating food vs. fuel concerns. Nevertheless, CO2-
neutral systems for the production of biocrude oil, biodiesel, bioethanol, biomethane, BTL-
diesel and biohydrogen (see chapter 1.1.6) are still in the early commercialisation phase 
with numerous upcoming demonstration facilities. Increasing energy prices represent a 
prospective driver for research into renewable fuels even though crude oil prices exhibit 
strong fluctuations due to the influences of global political changes and economics (e.g. 
OPEC, China).  
 
In 2009, global production of bioethanol and biodiesel combined was 52 million tonnes of 
oil equivalent (Mtoe) (0.00216 ZJ). This accounts for 0.43% of total primary energy supply 
[30], with the tendency to rise (0.5% of global primary energy from all biofuels [22]). The 
overall renewable fuel sector comprises ethanol, biodiesel, biogas, hydrogen and 
hydrocarbons (Table 3). At present bioethanol and biodiesel constitute almost the entire 
global biofuel sector [30], though demand and development of others, especially biogas, is 
growing, [57]. 
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Table 3: Renewable fuels, their common composition and production method. 
Renewable 
fuels 
Composition Condition/ aggregation 
state 
Production method 
Ethanol2 Pure anhydrous 
ethanol or it may 
contain a small fraction 
of water (4–5%) 
Volatile, flammable, 
colourless liquid 
Microbial sugar fermentation, 
distillation and dehydration 
Biodiesel3 Variable mixture of 
alkyl (methyl, propyl 
or ethyl) esters of fatty 
acids 
Volatile, flammable, 
transparent, yellow liquid 
[58] 
Transesterification of biological oil 
feedstock such as vegetable or 
animal oil (reaction with an 
alcohol such as methanol or 
ethanol) 
Multi-stage biomass-to-liquid 
(BTL) process (gasification of any 
biomass followed by 
polymerization through Fischer-
Tropsch synthesis) 
Biogas Predominantly CH4 
(40–75%, typically ∼ 
65%) and CO2 (25–
60%), with trace 
amounts of other gases 
such as water vapour, 
hydrogen and hydrogen 
sulphide [59, 60] 
Useful energy content of 
biogas is contained almost 
exclusively in its CH4 
Fermentation or anaerobic 
digestion of organic materials such 
as biomass, manure, sewage and 
municipal waste [59] 
Hydrogen Hydrogen gas Highly flammable, 
colourless, odourless gas 
under standard conditions, 
with the highest 
gravimetric energy density 
of any chemical fuel 
 
‘Biohydrogen’ is hydrogen 
produced by living organisms [61, 
62] 
 
Hydro-
carbons 
Direct fungible 
substitute for fossil 
hydrocarbon fuels 
Mixtures can exactly 
mimic petroleum-derived 
gasoline, diesel and 
aviation fuel [63] (in 
principle) 
‘Biohydrocarbons’ are 
hydrocarbons produced by living 
organisms [64] or chemically from 
biological feedstock [63] 
 
  
                                     
2 Ethanol production worldwide in 2009 [28]: 0.00162 ZJ, 38.7 million tonnes of oil equivalent (Mtoe) 
3 Biodiesel production worldwide in 2009 [28]: 0.00054 ZJ, 12.9 million tonnes of oil equivalent (Mtoe) 
  
10 
1.1.3  Biomass production 
Photosynthesis is nature’s solar energy conversion technology producing chemical energy in 
the form of biomass, engineered by natural selection over three billion years [65, 66] (see 
Chapter 1.3). Photosynthesis stores energy from sunlight in chemical bonds within reduced 
forms of carbon (carbohydrates, lipids, hydrocarbons), which can be chemically processed 
into practical fuels [67] and has provided almost all of the energy during the 
industrialisation driving the human economy through geochemically processed ancient 
biomass (predominantly coal and crude oil) [30]. 
 
Consequently due to the growing concerns over the unsustainability of fossil-fuelled energy 
supply there is an increasing focus on the expansion of photosynthetic capacity onto non-
arable land, into the urban environment and into the oceans. Theoretically this can be 
achieved at a global scale by harnessing plants [68-73], microalgae [69, 72-82], and artificial 
photosynthetic systems [70, 72, 73, 83-89].  
 
The synthesis of new biomass from inorganic sources can also be called primary production 
and is mostly achieved through photosynthesis4. Primary production is limited by the 
photosynthetic active radiation (PAR) insolation accounting for about 43% of incident 
solar energy falling within the spectral range (350-700 nm) that can be absorbed by 
chlorophyll and carotenoid chromophores [90]. Net primary production (NPP) is the most 
commonly used measure of primary production and represents the resource of 
photosynthates available to other organisms [91, 92]. Agriculture, which now accounts for 
the use of about 38% of Earth’s ice-free land area [93, 94], produces biomass components 
valued by humans. However land cleared for agricultural use often delivers lower NPP 
                                     
4 Chemosynthesis represents only a minor fraction or primary production. 
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than the natural ecosystems unless supplied with irrigation and fertiliser applications 
[93]. Hence, the use of irrigation and fertilisers to produce crops has increased two and five 
fold, respectively [94], with phosphorous also being a finite resource [95]. 
 
1.1.4  Biomass for biofuel and food 
The cultivation of terrestrial crops (e.g. soybean or corn) is relatively inexpensive (i.e. 
established ploughing, seeding/planting, and harvesting technologies) but generally 
requires the use of significant amounts of fertiliser to achieve high biomass productivities. 
The ability to recycle these nutrients is very limited in conventional agricultural systems 
and the frequent use of irrigation and chemical treatments (especially for large 
monocultures) for pest and disease management (i.e. crop protection) further restrains 
sustainability. 1st generation biofuel production systems (e.g. soybean or corn) compete 
with the food industry for arable land and fresh water resources – the food versus fuel 
debate [56]. One of the most successful 1st generation biofuels is bioethanol produced by 
the sugarcane industry in Brazil. It has been reported that the amount of sugarcane 
harvested in Brazil has doubled within 10 years [96]. However, sugarcane represents a 
valuable food source that grows only in limited regions of the world but is now being used 
for energy production as well. Furthermore parallel studies on palm oil based biodiesel 
have shown that its production does not reduce carbon dioxide emissions when land use 
change (LUC) is considered [97]. The majority of biofuels produced today do not lead to 
significant net energy gain nor can they claim to be carbon neutral [98-100]. Claims that 
focusing on global population control measures would have greater efficiency in delaying 
climate change compared to carbon consumption through biofuel systems [101] may be 
plausible but such measures are probably not realistic in terms of political and social 
implementation, and ethical justification is also problematic. Energy consumption per 
capita is much higher in western countries than developing nations (generally with the 
highest birth rates), and although China and India are currently outstripping all developed 
nations in expansion of energy consumption they are starting from a low energy use per 
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capita [57]. It has also been argued that global biofuel programs (1st generation) could 
even increase greenhouse gas emissions [102] as nitrous oxide and methane emissions can 
sometimes contribute greater warming potential, than that saved from carbon reductions. 
However, to assess this meaningfully for future technological solutions, case-by-case life 
cycle analyses are required. Other challenges faced by biofuel applications include: 
1. Countries specific regulations regarding genetically modified organisms (GMO) 
offering increased yields (discussed in Chapter 1.3) 
2. The variability in product quality 
3. The fact that existing production capacities cannot supply the large and increasing 
global demand [103] 
 
Nevertheless, biofuels have other potential advantages such as enhancing security of 
supply, regionally distributed production and jobs, the creation of useful by-products and 
the utilisation of waste streams (e.g. agricultural waste) [104]. As such, again they may 
play an important role as one part of a global fuel supply solution in the future. 
1.1.5  Solar energy capture 
To be of global significance any chosen renewable fuel system must be driven by a 
renewable energy source that is sufficiently large to yield a significant amount of global 
fuel demand, solar energy is by far the largest renewable energy source available. 
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Figure 1: Solar energy resources on earth and global energy consumption. Cubic volumes 
correspond to magnitudes of labelled quantities. Horizontal bars show decompositions of global bioenergy 
consumption (light green), global fuel consumption (blue), total primary energy supply (red), global net 
primary productivity (dark green), 1P reserves (light grey), and ultimately recoverable resources (URR – 
dark grey). Abbreviations: ‘Trad. Bm’ – traditional biomass, ‘Mod. Bm’ – modern biomass, ‘E’ – ethanol, ‘D’ 
– biodiesel, ‘Bm’ – biomass, ‘R’ – all sources of renewable energy combined, ‘Ur’ – uranium, ‘Wild terrest.’ – 
Wild terrestrial, ‘Cr’ – cropping, ‘Frst’ – forestry, ‘Grz’ – grazing land. ‘URR’ – Ultimately Recoverable 
Resources (i.e. technically recoverable down to a 5% certainty at current fuel prices). ‘1P’ - 1P reserves 
having a 90% probability of recovery.  Traditional biomass is defined as biomass consumption in the 
residential sector in developing countries and refers to the often unsustainable use of wood, charcoal, 
agricultural residues and animal dung for cooking and heating [30]. Modern biomass refers to consumption of 
biomass fuels other than traditional biomass fuels, ethanol or biodiesel. (Figure adopted from [105] with 
updates) 
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The annual solar energy that reaches the earth is about 3020 ZJ.yr-1 (Figure 1) (15 MJ.m-
2.day-1 [106] on average). However, the curved shape of the earth’s surface and the 
different angles of incident solar insolation upon it lead to a variable solar energy density 
area. As a result temperate and tropical regions differ in averaged solar irradiation level 
between about 15-25 MJ.m-2.day-1 [106, 107]. Furthermore the winter and summer 
extremes of insolation even in Australia fluctuate between 6–24 MJ.m-2.day-1 or 2.2–8.8 
GJ.m-2.yr-1 [108]. Internationally, local time-averaged daily insolation depends on 
geographical location, current season and weather condition, and typically ranges from 1–
35 MJ.m-2.day-1 [108] with the possibility of changing light intensities within hours or even 
minutes. The time-averaged, local insolation values are about 10 times lower than typical 
power production densities of thermal power plants such as coal-fired or nuclear [1]. Solar 
energy conversion through photosynthesis, photovoltaic panels or solar-thermal systems 
widens the disparity by a further 1-2 orders of magnitude due to efficiency losses. These 
comparably low power densities, as well as the intermittency of solar power, currently 
challenges the economic competitiveness of solar energy systems despite the abundant total 
supply of solar radiation across Earth’s surface [1]. Nevertheless, electricity produced from 
solar energy is relatively cheap while biofuels are more valuable being more energy dense 
and be able to overcome the problem of storage and shipment that are currently face by 
renewable electricity production systems such as photovoltaics.  
 
Photon Conversion Efficiency (PCE): Photosynthetic organisms can use only the 
photosynthetic active radiation (PAR) of the solar spectrum in the range of about 350 nm 
(blue photons) to 700 nm (red photons) for green plants that is about 43% [90] of the 
incident solar energy. The photon conversion efficiency (PCE) (Equation 3) represents a 
measure (ratio) to describe the conversion of photons into energy that is limited for 
biological reasons in the case of biomass generation (chemical energy). 
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Equation 3:   
 
The PCE can be calculated using ‘energy received per area’ based on total solar radiation 
(PCEtotal) or based on a fraction of solar radiation such as PAR (PCEPAR) with efficiencies 
based on fractions generally generating higher values when producing the same amount of 
energy (biomass). In biological sciences (biomass production) mostly PCEPAR are reported 
while in photovoltaics PCEtotal is reported. For this reason the PCE value comparison 
between biological and artificial systems requires careful examination of the calculation 
method. For this reason all PCE values stated in this report are based on PCEtotal values 
(literature values were recalculated according to Equation 4) to facilitate the comparison 
with other solar technologies (unless stated otherwise). 
 
Equation 4: PCEPAR = PCEtotal ×0.43  
 
In the past, PCE values for crops and ecosystems were reported to have a maximum of 
about 1.92% [109] for C3 plants and microalgae, whereas C4 species, such as sugarcane, 
were considered to have a maximum PCE at about 2.58% [110-112]. Current studies have 
already shown a 1.92% PCE [113] and theoretical PCE maxima for microalgae are 
reported as high as 3.78% [112] to 5.16% [114] in closed photobioreactor systems. For 
example, according to Stephens and colleagues (2010) an average of 20 MJ.m-2.day-1 of 
solar energy and 0.86-2.15% PCE would lead to an areal requirement of 1.4 to 5.7M km2 
at 15-25 MJ.m-2.day-1 to cover the global food and fuel demand (in 2010) [115]. 
Photovoltaic systems compete with photosynthetic biomass producing systems for solar 
energy and hence available area. Today, solar photovoltaic cells are a relatively mature 
technology in terms of photon to energy conversion compared to natural photosynthesis 
and achieve higher efficiencies typically of the order of 15-17% [86]. However, they produce 
electricity for immediate usage and do not currently address the demand for energy dense 
 !"# = !!"#$%&'()('*!!"#! "#$!×! "#$%&&!!"#$%&!!"#$%#$!!!"#$%&! "#"$%"&!!"#! "#$ ×!!"" 
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liquid fuels (stored chemical energy), although new technologies can already electrolyse 
water to produce H2 and reduce carbon sources to liquid fuels. Scale is important to 
consider for energy solutions; smaller-scale agro-bioenergy systems may be a sustainable 
solution in some localities and can provide a valuable fraction of a renewable energy mix in 
the future. 
 
1.1.6  Microalgae as biomass feedstock 
Crop productivities differ substantially between species, conditions and cultivation method 
but average global productivity density is estimated at 4.6 MJ.m-2.day-1 [1]. Among the 
highest annual-average productivity densities of any plant vegetation are natural stands of 
the grass, Echinochloa polystachya, on the Amazon floodplain (i.e. 57.9 MJ.m-2.day-1 stored 
chemical energy), [116]. Sugarcane has also approached this rate [1] and is currently a 
major agro-biofuel crop, used as a feedstock for bioethanol production [32]; its high 
productivity densities provide a benchmark for future photosynthetic energy systems. 
Microalgal biofuel systems are reported to have higher biomass productivities per area 
than conventional energy crops [117, 118]. However, according to Walker (2010), it is 
unrealistic that the productivity of microalgae can be an order of magnitude greater than 
terrestrial vegetation (grown as crops for food). Nonetheless, underestimates and 
overestimates are equally wrong. Microalgae production systems have the advantage that 
they can be operated on marginal land, while using seawater or waste water sources can 
replace large amount of fresh water usage [118] and various CO2 sources can be used as an 
enriched CO2 supply (coupling CO2 neutral fuel production and CO2 capture and 
utilisation), leading to better resource efficiency than agricultural systems. Microalgae can 
also be cultivated and harvested in a semi-continuous fashion and much, if not all, of the 
biomass can be utilised. All these optimisation strategies for algal cultures have the 
potential to lead to consistently higher algae PCEs compared to crops (higher plants).  
 
Daily biomass productivity densities in microalgal cell cultures grown in outdoor open 
ponds under nutrient-replete conditions find a range of 26.6 – 128.5 MJ.m-2.day-1 (daily 
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average) [119, 120]. Based on realistic efficiencies and geographical locations with 
favourable conditions the ‘best case’ estimates for daily biomass productivity densities of 
microalgal cell cultures in outdoor high rate ponds (HRP) are currently between 88 – 112 
MJ.m-2.day-1 [119] or 53 MJ.m-2.day-1, and 120 MJ.m-2.day-1 as achievable with current 
photobioreactors [78]. These figures compare favourably with the global average for 
agricultural crops at ∼4.6! MJ.m-2.day-1 and even with the conservative productivity 
estimate for open ponds approaches the highest recorded cropping rate of 58 MJ.m-2.day-1 
[78]. Microalgal biomass productivities in current commercial systems are reported to 
achieve up to ∼70 T.ha-1.yr-1 [121], which is equivalent to about 20 g.m-2.day-1 in well 
operated high rate pond (HRP) cultivation systems. Assuming a solar energy level of ∼20 
MJ.m-2.day-1 microalgae can produce biomass at ∼0.86% PCE [122]. In comparison 
soybeans typically yield a harvest of up to ∼3.5 T.ha-1.yr-1, corn ∼10 T.ha-1.yr-1 and 
sugarcane ∼70 T.ha-1.yr-1 [123]. However, crop productivities are measured in fresh weight 
and due to moisture levels of up to 70%, decrease the calorific value (chemical energy fixed 
in the biomass) compared to dried biomass. The global annual average for sugarcane yields 
(calorific content of 3.9 GJ.T-1, [124]) is ∼0.4% PCE [122]. A reasonable estimated 
microalgal oil productivity at present is ∼20,000 L.ha-1.yr-1 [125] and of future commercial 
systems might be ∼60,000 L.ha-1.yr-1 [125], which was supported at the 5th Algae Biomass 
Summit (2011) by different microalgal biofuel start-up companies (see also 
http://biofueluptodate.com for regular updates on recent developments). 
 
Energy recovery strategies for microalgal biomass include drying of biomass with 
subsequent direct combustion, methane production via anaerobic digestion or gasification, 
pyrolysis or carbonisation, and ethanol production via fermentation, H2 production, and of 
course the production of fuels from extracted microalgal oils (compare with Table 3). 
Conventional energy production processes are generally based on accumulating and 
extracting particular microalgal fractions (e.g. oil for diesel, carbohydrates for ethanol), 
while other processes (e.g. wet pyrolysis, gasification) process whole biomass directly to 
energy (e.g. electricity, or biocrude). Due to the lack of large unused areas of land the 
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methane biogas approach is favoured in many European research facilities, for example, 
and is also a suitable option to process residual biomass after extraction of higher value 
products (HVP) or separating oil feedstocks. Furthermore methane biogas plants provide a 
direct biomass conversion process without complex processing after cell concentration. 
Biogas plants can deal with relatively high water content and are well suited for the 
conversion of microalgal biomass as they lack compounds that are resistant to 
fermentation [126] such as lignin or relatively high cellulose fraction (e.g. from forestry 
waste). In some cases whole or residual microalgal biomass can also be used for livestock 
feed. To select between several energy production systems calorific values are one factor to 
use as they differ depending on biochemical components and product quality. However, to 
set up a comprehensive energy production process the NEB (see chapter 1.1.2) needs to be 
assessed including all side energy costs such as facility maintenance, downstream 
processing and transport. 
 
1.1.7  Commercialisation and research history of microalgal biofuels 
Successful applications in the field of microalgal biotechnology up to this point have 
generally been focused on areas in which modern agriculture and microbial fermentation 
systems lack a competitive advantage, or on unique microalgal products. Examples of large 
existing algae farms include Spirulina farms for health food production and ß-carotene 
production from Dunaliella (natural products). These applications can be assigned to the 
range of high value products (HVPs) whereas recent interests focus on the transition from 
HVPs to a broad range of lower value bio-commodities and bioremediation applications. 
 
Major efforts have been made previously to investigate the utilisation of algal biomass for 
fuel production by the U.S. Department of Energy’s (DOE’s) Aquatic Species Program 
(ASP) from 1978 to 1996 [127] and also by the Japanese government (RITE project) from 
1990 to 2000. Such research efforts were driven by spiking prices of crude oil, but were 
scaled back when oil prices subsided. More recently microalgal biofuels have been the 
subject of exaggerated projections [125] with more than 100 algae-fuel companies being 
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initiated worldwide. Ranging from unrealistic to thermodynamically impossible (400 T 
biomass ha-1.yr-1 up to ∼2M L oil ha-1.yr-1), such claims regarding microalgal productivity 
– while attracting investor funding in the short term – are detrimental in the long term 
when these unrealistic targets fail to be met. In contrast to these extravagant claims for oil 
production, the real industrial landscape is better represented by numerous R&D stage 
companies investigating the production of specialised algal compounds for nutraceuticals 
and cosmetics, and the sale of residual biomass as protein for animal feedstocks. Achieving 
economically viable biofuel production remains the more elusive target and it will be 
necessary to improve microalgal biomass productivities and reduce the costs of microalgal 
production to produce lower value products [106]. Commercial scale facilities include the 
photoautotrophic production facility from Sapphire Energy (120 ha in New Mexico, USA) 
that is built and operational (www.sapphireenergy.com), and a demonstration plant built 
by Muradel (http://www.muradel.com) producing hydrocarbons (crude oil) from algae and 
other biological sources (e.g. plant biomass and organic waste) through hydrothermal 
liquefaction (HTL) as well as a biorefinery facility from Solazyme that has focused on 
heterotrophic conversion of sugars to high value products (www.solazyme.com). It should 
however be noted that in terms of renewable energy, the latter heterotrophic process 
should be considered a conversion technology and not a system to capture and store solar 
energy renewably. 
 
Microalgal biomass production systems: Generally to attract investments for 
cultivation systems to grow microalgae they should be proven economically viable under 
operational field conditions; they should be scalable and ideally have a low capital 
expenditure (CAPEX). The environmental sustainability, however, can be evaluated 
sensibly through comprehensive Life-Cycle Assessment (LCA) accounting for all energy 
and material inputs and outputs associated with a particular product or process over all 
stages of its life cycle: extraction of raw materials, manufacturing, transport, use and 
recycling or disposition [128]. Life-Cycle Costing (LCC) assesses economic sustainability 
through similarly comprehensive financial accounting [129]. Furthermore, standard 
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methodologies for comprehensive evaluation of microalgal biofuel production are 
proposed using metrics for EROI (chapter 1.1.2, Equation 2), financial return on 
investment (FROI), water intensity, nutrient requirements and CO2 requirements [130]. 
Not surprisingly, at present, LCA analyses reveal that with existing production and 
processing methods, microalgal systems are neither energetically nor financially 
competitive with conventional or unconventional fossil fuels (not accounting for the long 
time and low efficiencies of oil production in fossils) [128, 131, 132]. Water intensities have 
often been shown to be higher than for fossil fuel production and non-irrigated biofuels 
from conventional (non-microalgal) feedstocks, except for very highly productivity cases 
(assuming very efficient water use) were found to have water intensity competitive with 
irrigated agro-biofuel crops [130]. However, the water intensity metrics used do not 
account for water quality, and microalgal systems have the advantage that they are not 
reliant on pure freshwater availability. The availability of saline, brackish or wastewater 
streams at a cultivation site may significantly reduce the ‘fresh water’ intensity of a 
microalgal system and improves its competitiveness. Furthermore the use of closed 
bioreactor systems offers the potential to increase efficiency, minimise evaporation and 
enable water and nutrient recycling. The challenge will be to do so cost effectively. 
 
The utilisation of environmental waste streams as resources and optimisation of system 
and process performance to maximise competitiveness under local conditions supports the 
importance of a holistic approach to microalgal system and process design. Innovations 
suggested improving commercial feasibility [130] are: 
• Use of waste and recycled nutrients such as waste water or animal waste 
• Use of waste heat and flue-gas from industrial plants, carbon from wastewater or 
develop energy-efficient means of using atmospheric CO2 
• Develop ultra-productive algal strains (e.g. genetically modified organisms) 
• Minimise pumping 
• Establishing energy-efficient water treatment and recycling methods 
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• Employ energy-efficient harvesting methods such as chemical flocculation ! 
• Avoiding separation via distillation 
Other factors not related to waste streams are for example:  
• IR film to reduce heat load 
• Heat pumps to maintain optimum production temp 
• Light dilution 
• Large SA:V ratio 
• Improved harvesting techniques 
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1.2  Strategy and aims of this project 
Future energy solutions are required not only to deliver energy to a rapidly growing global 
population, but also to safeguard the environment, the basis of life on Earth. Biofuel 
systems, through photosynthesis, convert solar energy into chemical energy, storing the 
energy in organic molecules including oils, proteins, starch, lignin, and cellulose. This 
study comprises the process of optimising microalgae production systems from the point of 
microalgae strain isolation, nutrient optimisation, and scaling up to pilot scale trials 
(Figure 2). 
 
 
Figure 2: Project workflow, from microalgae strain isolation over nutrient dependent growth kinetics to 
pilot scale experiments.  
 
Microalgal biofuel research is not yet a mature technology but has expanded significantly 
in recent years. Studies have shown that to achieve economically viable microalgal 
production scenarios, further research is needed to increase product yields and reduce 
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construction and operational costs. Increasing biomass productivity was the major focus 
of this study as it was found to be one of the main factors leading to economical viability 
for low value commodity products [106]. The project aimed to streamline the process of 
microalgae strain selection and nutrient optimisation and to transition laboratory 
performance experiments to pilot scale for commercial production scenarios. The methods 
used in this study lead to further insights into the importance of a variety of biological 
parameters to ensure reliable and robust growth performance for future developments as 
well as guide future design principles for efficient outdoor cultivation systems. 
 
Optimal production of selected microalgae strains requires the optimisation of nutrients, 
CO2 levels, light dilution properties, pH and temperature. To investigate microalgal 
properties in a high throughput manner for many strains simultaneously a high-
throughput automated screening system was developed which is capable of testing the 
kinetic effects on growth rates of adjusting light intensity and path-length, CO2 
concentration, temperature and the relative levels of 14 nutrients (chapter 2). A powerful 
statistical nutrient screening matrix has been developed to screen photoautotrophic (light 
and CO2) and mixotrophic (light, CO2 and organic carbon sources) conditions keeping CO2 
and light levels constant. This two-step screening matrix for nutritional composition 
optimises N and P supply and then defines regions of tolerance for Ca, Mg, B, Fe, Cu, Mn, 
Zn, Se, V, Si (the area in parameter space between toxicity and insufficiency). This 
provides valuable information about strain specific nutrient levels that enhance 
photosynthetic performance as well as nutrient interactions. Having identified the optimal 
ratios of all supplied nutrients subsequent optimisation of CO2, light and pH can be 
performed in future studies. 
 
In this study a targeted 100 pure axenic microalgae strains were isolated from complex 
mixtures (natural water sample) and cryopreservation techniques for long-term storage 
were applied to maintain the original wild-type phenotype, which can easily be lost with 
continuous subculture under laboratory conditions (chapter 3). Taxonomic classification of 
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the isolated algae strains was performed using morphological observation and ribosomal 
DNA analysis (16S, 18S). Subsequently, over 600,000 data points were recorded applying 
the ‘high-throughput growth screening methodology’ and used for the statistical design of 
improved media conditions for maximum photoautotrophic biomass production for 100 
microalgae strains (chapter 3). Carbon source utilisation of these strains was also 
monitored for mixotrophic and heterotrophic applications. From the 100 microalgae strains 
screened for growth kinetics under varying nutrient conditions 10 microalgal production 
candidates were selected for performance comparison in flask experiments using the 
improved media composition (chapter 3).  
 
Field experiments at pilot scale have been performed in commercially available High Rate 
Pond (HRP) and photobioreactor (PBR) systems comparing the performance of two algae 
strains to laboratory scale assays in outdoor conditions, particularly in terms of biomass 
yield, dominance and resistance towards infection and predator species (chapter 4). 
Cultivation system designs differ mainly in light distribution, mixing, exposure to the 
environment as well as monitoring and control capabilities of parameters such as 
temperature and pH. These scaled up experiments were run in parallel in all cultivation 
systems under identical environmental conditions for one strain at a time. The facility 
used for field experiments was provided by the Solar Biofuels Research Centre (SBRC, 
Brisbane, Australia) which currently operates six raceway pond systems (up to 625 L), 
four small (120 L) and three large (320 L) modules of flat panel PBRs, aerated sterile 
hanging bag systems (20-100 L) and two tubular bioreactor systems (each about 600 L) 
that differ in design. In addition to the optimisation of biological and engineering 
parameters, pilot scale trials help to evaluate the effect of local government regulations, 
guidelines, policies and restrictions and guide proposals for improvement. They also assist 
with the evaluation of logistics priorities (e.g. land, water, CO2, nutrients, infrastructure). 
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Chapter 2 
2 Development of a high-throughput algae growth 
screen used for nutrient optimisation 
2.1  Nutrients – the need and availability of basic resources 
In addition to light, CO2 and water, microalgae also need other macro- and microelements, 
to enable photosynthesis which are described in this section in more detail (relevant to 
chapter 2). 
 
Aquatic habitats are composed of a wide range of micro-environments to which algae can 
adapt. Variables include e.g. light intensity, temperature, turbulence, grazing pressure, 
pathogen attack, nutrient limitation and composition, as well as toxin concentration and 
type. The focus of this section is on nutrients. As these environments differ in nutrient 
composition, different components have different influence on growth and health. High 
nutrient concentrations can be growth inhibiting or even toxic while low concentrations 
can limit growth. Optimising artificial media composition for production strains 
individually, is one of the most important processes to increase biomass or product yields 
in biotechnology. Furthermore, the supply of excess nutrients results in additional waste 
streams (nutrient redundancy). 
 
2.1.1  Key elements and their role in microalgae biology 
The most common nutrients used in microalgae cultivation are N, P, Mg, Ca, K, S, Na, Cl 
(macro-elements) and Fe, Mn, Zn, Cu, B, Mo, Co, V, Se, I (micro-elements) and in some 
cases organic compounds, such as amino acids or vitamins. However, bioavailability of 
each element depends significantly on various factors such as solubility, chemical 
speciation, pH, temperature, ionic strength, inorganic anions, chelates or interaction with 
other elements. Therefore nutrients must sometimes be supplied in concentrations of 
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significant excess or must not be supplied above certain concentrations to prevent 
precipitation. The following section describes known functions for specific elements. 
 
The requirement of certain media composition varies from species to species. However, it is 
known that carbon, nitrogen and phosphorous have a major influence on culture growth 
[133]. Carbon is reported to be the most abundant element in biomass (~40-60% of the 
ash free biomass) being a component of most biomolecules, and can be provided in the 
form of CO2 (for photoautotrophic, photoheterotrophic and mixotrophic growth regimes) 
and/or organic carbon forms such as acetate (for mixotrophic, photoheterotrophic and 
heterotrophic growth modes). Oxygen, also a component of most biomolecules is thought 
to be the next most abundant element (e.g. ~12% to 29%) [134] of biomass and is an 
integral part of most biomass components including proteins, carbohydrates and oils. The 
macroelements N (~7% of biomass), S and P (~1% of biomass) [126, 135, 136] are mainly 
involved in protein and nucleic acid synthesis as well as regulatory pathways in the cell 
and are indispensible. Mg is a major component of chlorophylls [137] and a co-factor for 
specific enzymes while Ca is part of the water oxidising complex of photosystem II which 
drives the first step of oxygenic photosynthesis an important element in the CO2 fixation 
process and is involved in ion transport and intracellular signalling [138]. K, Na and Cl 
are prominent in the cytoplasm and play key roles in osmoregulation [137].  
 
Microelements (trace elements) are also often required as co-factors (e.g. for enzymes 
and cell signalling). They include Fe, Cu, Mn, Mo and V which can exist in multiple stable 
oxidation states and so take part in redox chemistry [139]. Mo and V are relatively 
soluble as oxy-anions and are important co-factors in enzymes of S- and N-metabolism 
[139]. Zn and Co provide additional catalytic capacity [139]. Zn acts as a co-factor in 
many enzymes and supports the function of transcription factors and its concentration 
may be regulated in part by metallothioneins [140]. Co is a constituent of vitamin B12 
[141]. Both vitamin B12 (cobalamin) and B1 (thiamine) are often required for an 
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exogenous supply and are involved in a range of metabolic reactions [139, 140, 142]. Si, 
Al and Ti are very abundant elements in nature but are not generally found at high levels 
in biology due to the insolubility of their oxides or hydroxides. Nevertheless, Si is 
important for specific algae (such as diatoms) that build up hard Si-rich cell walls 
(frustules) [143].  
 
Fe is also an essential micronutrient for all living organisms primarily because it can 
efficiently accept and donate electrons (e.g. reduction/oxidation of Fe-S clusters) and it 
belongs to the well-studied trace elements in plant and microalgae research. In this context 
Fe plays a crucial role in electron transport processes such as respiration and 
photosynthesis. Fe containing proteins are also directly involved in nitrate and nitrite 
reduction, chlorophyll synthesis, and the detoxification of O2 radicals [144, 145]. Fe is one 
of the most abundant elements in the world. Most of the Fe(III) in water is chelated by 
organic compounds [146, 147]. The iron which is not chelated is present as hydrolysed 
species, Fe(OH)x(3-x)+  together with the insoluble neutral Fe(OH)3. The nature of the 
inorganic and organic ligands strongly influences their availability to algae [148, 149]. The 
organic ligands closely resemble siderophores, molecules released by the bacterial 
community that bind iron with high affinity [150]. To survive changing environmental 
conditions, microalgae need sophisticated mechanisms to deal with changing iron 
availability, which is characteristic of especially natural marine habitats. This involves the 
reorganisation of the photosynthetic machinery due to Fe depletion [151-153]. Habitat-
related patterns of iron requirements have been shown in independent phylogenetic 
lineages (Cryptophyta, Haptophyta, Dinophyta, and Heterokonta), providing compelling 
evidence that iron availability is an important selective force in phytoplankton speciation 
and evolution [154, 155]. In the presence of excess energy (e.g. high light stress), iron can 
promote the formation of reactive oxygen species (ROS) that may damage cell 
components. Fe can also be stored in several algae species in the form or ferritin, a storage 
molecule that helps to survive in low-iron environments, but also functions as an iron 
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sequestration mechanism within the cell. The event of oxygen evolution in history 
decreased iron availability and Cu became more available due to increased solubility of 
cupric salts, and it appears that there are many examples of Cu- versus Fe-containing 
enzymes that catalyse similar reactions [139]. Sometimes one catalyst can be used over the 
other depending on its availability. 
 
In summary then, each of these elements will be required in a suitable concentration range 
and bio-available form and the optimisation of these conditions has been conducted in 
agriculture and horticulture over centuries. 
 
2.1.2 Elemental stoichiometry of biomass (community versus individual 
species) 
Elemental stoichiometry of microalgae has primarily been studied in the past as part of 
ecological science, in particular in oceanography, with microalgae species being a major 
constituent of analysed phytoplankton fractions. The so-called Redfield ratio 106C: 16N: 
1P (molar ratio) describes the relatively constrained elemental ratios of marine plankton 
[156-158]. The ratio describes the elemental balance of dissolved fixed inorganic nitrogen 
(nitrate) to phosphate in seawater. It is similar to the bulk N:P ratio of plankton 
(including phytoplankton and zooplankton but not bacteria or picoplankton) [158]. 
Subsequent studies [159, 160] expanded this ratio and have included trace elements to 
C(124): N(16): P(1): S(1.3): K(1.7): Mg(0.56): Ca(0.5): Fe(0.0075): Zn(0.0008): Cu(0.0038): 
Cd(0.00021): Co(0.00019). It was believed that the ratio remains constant regardless of the 
absolute concentration of the molecules and reflects a steady-state ratio between the 
seawater composition and the re-mineralised organic matter. In this regard, autotrophic 
organisms (as a whole rather than individual species) are believed to utilise nitrogen and 
phosphorous in the proportion in which they are found in seawater and return these 
elements back to seawater when they die and decompose. However, while the ratio might 
be generally valid for the ocean and large lakes, it is not necessarily valid for small bodies 
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of water [161], and even Redfield [157] noticed that phytoplankton taxa with cellulose 
walls may have higher C:N or C:P ratios than cells with silicate frustules and that cells 
deprived of, or limited by N or P, may accumulate carbohydrate or lipids. In the context 
of biomass production for biofuels it is beneficial to achieve low amounts of cellulose and 
high amounts of oil in the final biomass.  
 
Originally it was believed that phosphate (inputs through continental rock sources) is the 
sole limiting nutrient, which determines the rate of nitrogen fixation, while more recent 
studies suggest that growth (N fixation) can also be limited by other factors such as Fe 
[162, 163]. Events like upwelling or winds can provide iron fertilisation of the oceans 
resulting in algae blooms in Fe-limited areas, occurring in so-called high nutrient, low-
chlorophyll (HNLC) regions [164, 165]. Si depletion has been shown to restrict diatom 
growth in offshore areas [166]. In fact, in more recent studies excess phosphate levels have 
not shown to stimulate growth of nitrogen-fixing phytoplankton, with a large fraction of 
the excess phosphate being consumed by non-Redfield production of large phytoplankton 
in shelf surface waters [166], maybe due to cellular luxury storage mechanisms. Hauss and 
colleagues (2012) [167] have shown that some organisms were able to benefit from low N:P 
fertilisation ratios, in particular species (Heterosigma sp. and Phaeocystis globosa) which 
are notorious for forming blooms. Contrary to earlier beliefs, the supply of inorganic N was 
subsequently thought to be solely responsible for primary oceanic biomass production 
[167]. 
 
Diatoms are frequently reported to form blooms [168, 169] that maintain a growth 
machinery with high levels of rRNA adapted to rapid exponential growth and display low 
N:P requirements [170] enabling efficient excess P utilisation [167]. With phosphorous 
being mainly fixed in the form of nucleic acid (mostly ribosomal RNA) it has been 
suggested that there is also a constrained range of values for the ratio of ribosomal RNA 
to protein, that provides optimal growth given the recognised correlation between bulk 
RNA and growth rate [171]. Another study [170] found that optimal protein:RNA ratios 
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depend on the environmental conditions and that there is no intrinsic significance for 
any specific protein:rRNA ratio or for an N:P ratio near the Redfield value [169, 172, 173]. 
In addition, recent theoretical results, along with observations that individual plankton 
species exhibit considerable variation in N:P ratio, which can also depend on the 
environment, gave rise to the idea that an N:P ratio of 16 has no intrinsic significance 
[168, 169, 172, 174, 175]. Instead, these models attempt to explain an N:P ratio of 16 as 
the result of the mixture of either environmental conditions [169] or taxonomically fixed 
N:P ratios, which do not depend on the environment [175]. It has been shown that 
nutrient-replete conditions benefit plankton with a biomass composition of N:P = 8, while 
light, N- and P-limited conditions benefit plankton with N:P = 36–45 [169]. Another study 
suggested that the N:P ratio for diatoms is fixed at 11 and for all other plankton at 20 
[175]. 
 
2.1.3  Nutrient modelling 
Many microalgae media formulations [176] (Egli 2000; Egli and Fiechter 1981) are based 
on the Redfield ratio (chapter 1.4.2) and assume that the elemental nutrient composition 
equals the nutrient uptake and therewith determines the nutrient concentration that needs 
to be provided. While a media composition following the Redfield ratio might be most 
successful in enabling the survival for a vast diversity of microalgae strains it does not 
necessarily constitute the best media to allow for maximum growth rates for individual 
species. Chemostat (continuous culture systems) studies in the 1970s by Droop (1968) 
[177], Rhee (1978) [178] and Goldman (1979) [179] focused on an entirely different 
approach using theoretical nutrient uptake and growth models to explore nutrient 
relationships for phytoplankton (e.g. nutrient uptake, storage and growth models) and 
more recent studies incorporating more species differentiated modelling (e.g. [180-183]). 
 
Nutrient supply rate [178] and growth rate [179] have been identified as two key factors 
affecting overall phytoplankton stoichiometry. Rhee used a fixed dilution (growth) rate 
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and varied the N:P supply ratio. He found that Scenedesmus stoichiometry matched the 
N:P supply ratio over a range from 5 to 80. In contrast, Hall and colleagues (2005) [184] 
claimed that Rhee’s results were the exception and that the elemental requirement of a 
species determines the “optimal N:P” ratio. 
 
The most efficient use of models for biotechnological applications would require the 
biological understanding of uptake receptor regulation and the measurement of specific 
kinetic parameters, which should be kept ideal for a given species. However, this approach 
is too detailed for an initial high-throughput bio-prospecting screen. Once a microalgae 
strain is selected as a production strain, strain-specific modelling approaches provide 
valuable tools for process optimisation purposes (e.g. nutrient management, maintain 
optimised growth during continuous cultivations). 
 
The Droop model [177] relates growth rates to the intracellular quota (Q) of an element 
and accounts for variability in phytoplankton stoichiometry. A cell quota is the quotient of 
the specific rates of uptake and growth under steady-state conditions. Measuring 
coefficients of those two factors represents the saturation constant for growth. For 
example, at the minimum quota (Qmin) the growth rate (µ) is zero, and increases with 
additional nutrient supply, asymptotically approaching a theoretical maximum growth rate 
at infinite quota (Qmax). The minimum quota could be determined as the element used in 
cellular structure and machinery, and all quota above the minimum quota as nutrient 
stored for future growth [185]. This simplification divides the interpretation or approach of 
the model into the overall stoichiometry and the cellular machinery. The quota (at a given 
time) of the limiting nutrient as a fraction of the biomass is typically defined relative to 
the C content of the biomass i.e. gS/gC. The evolution of the system in time is governed 
by three differential equations, representing the evolution of (a) the external substrate 
concentration (b) the change in the internal quota over time, and (c) the change in 
biomass over time. Each of these equations is expressed in terms of a limited number of 
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variables and the variables are related to each other via the model equations (which 
embody the theoretical structure of the model). The growth equations can be designed to 
show the effect on the growth curve of limitation by a specific nutrient [186]. The 
theoretical construct behind the model is a cell containing a single transporter for the 
nutrient concerned. As the cells grow, they take up the nutrient at a rate determined by 
the uptake equation governed by the ability of the transporter to take up a nutrient at the 
concentration at which it is available in the medium. As the nutrient is taken up, the 
concentration in the cell varies (Q). This amount is a dimensionless quantity representing 
grams of nutrient per gram of carbon in the cell.  
 
The experimental estimation of the variables needed for the Droop model (Qmin, Qmax, µm 
and ρm/µm) can be determined at the end of a batch phase when nutrients are exhausted 
(starvation period), the growth rate becomes zero and the internal quota reaches its 
minimal value (Qmin). During an unlimited exponential growth period, after a transient, 
the internal quota reaches its maximum value (Qmax) for a growth rate (µ(Qmax) = µmax). 
During this period, for a batch experiment, nutrients disappear at a rate proportional to 
biomass growth. In other terms,  
 
Equation 5:    
 
The slope of the substrate (s) versus biomass (x) graph is defined -µmax/µmax (-Qmax). 
Typical microalgal growth behaviour shows that biomass concentration continues to grow 
for a few days after nutrient concentration has been exhausted [186] indicating that 
microalgae can uncouple nutrient uptake from growth [187]. Therefore a Monod model 
representing a proportional dependency of nutrient uptake and growth does not describe 
the relationship with sufficient accuracy. The Droop model requires a constant 
environment and does not allow for the effect of light on growth rate, e.g. photolimitation 
in high-density cultures (light gradient due to light absorption and diffusion). Therefore, 
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the geometry of a photobioreactor makes the light distribution computation much more 
complex compared to open pond systems or the ocean. Most models are based on steady 
state PBRs and rely on photo-limited cultures at equilibrium, where nutrients are in excess 
to avoid growth limitation [186]. 
 
Another study by Klausmeier and colleagues (2004) [169], in contrast, has differentiated a 
phytoplankton cell into uptake machinery (proteins and chloroplasts) and assembly 
machinery (assembling the raw ingredients to form a new cell using ribosomes) and have 
assigned each with its own N:P stoichiometry to find the explanation for an interspecific 
variation of optimal N:P ratios. A species allocation strategy determines its structural 
stoichiometry as well as its eco-physiological parameters. Thus, the problem of calculating 
structural N:P needs could be reduced to finding the optimal allocation between ribosomes 
and proteins [158, 188]. The model predicts structural N:P ratios to vary from 8.2 during 
exponential growth to 35.8, 37.4, and 45.0 at competitive equilibrium depending on the 
limiting resource (light, N, or P, respectively) [169] supporting the idea that the Redfield 
ratio is not intrinsically special. If the mix of exponential growth and equilibrium phases 
would change in the ocean, then so would the average N:P composition of the 
phytoplankton [169]. They define the “optimal N:P ratio” to be descriptive by the ratio of 
minimum quotas (because a species that achieves this ratio outcompetes others that do 
not) or the elemental ratio of species growing under optimal conditions. 
 
2.1.4 Culture media design, improvement and adaptation for biomass 
production scenarios 
The cultivation of organisms such as microalgae requires chemically defined media that 
contain a certain amount of necessary nutrients (chapter 1.4.1). The cultivation medium 
composition can significantly affect product concentration, yield, volumetric productivity 
[189] as well as overall process economics for commodity products [190]. The design of a 
medium is therefore an important part of the development for industrial processes. 
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Medium composition can also affect the ease and costs of downstream processing [190]. 
Once a media has been developed industrial processes will require frequent medium re-
design because usually strain development is continuously refined. For this reason nutrient 
optimisation is a laborious, expensive, open-ended and often time-consuming process that 
involves many experiments. 
 
Screening growth conditions: In order to screen for a target growth condition the 
approach should always start with literature research on media others have used to grow 
algae, or maybe even a particular algae for a particular product (e.g. biomass, lipid). 
Chemically defined laboratory media often contain a large number of components, 
sometimes unusual components (e.g. yeast or soil extracts), which are usually related to 
the substrate the algae was isolated from. The common use of extracts emphasises the lack 
of identification of the particular nutrient requirements of an organism. High 
concentrations of certain components can lead to interactions with other ingredients, 
precipitations or toxic levels of different components.  
 
Improving media by using experimental designs requires both a design (specifies medium 
variants to test in an experiment) and an optimisation technique (experimental data) 
employing a mathematical model to predict an improved medium composition. Several 
strategies can be pursued to adapt the media composition (design) to a certain strain and 
product, such as: 
1. Component swapping is used to compare components of one type (e.g. testing 
different N-sources [190]). It is especially useful as a screening tool to identify poor 
performing medium components and to assess and understand microbial regulations. 
2. The ‘one-at-a-time strategy’ of keeping the concentration of all medium components 
constant except one is very simple and individual effects of media components can 
be revealed. However, it involves a large number of experiments while interactions 
between components are ignored and the optimum can be missed. 
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3. Controlling the availability of components in the growth medium other than 
carbon. 
4. Change the culture conditions (for example, T, pO2, pH) to conditions that would 
typically be outside of the optimal range for biomass growth. 
 
There are also several options of how to screen a variety of growth conditions. Until 
recently nutrient conditions used for algae production (growth media) were largely based 
on the results of elemental analysis of biomass [190] (chapter 1.4.2) or small complete 
factorial statistical screens of a few selected variables (e.g. N and P) [191, 192]. Both of 
these approaches are theoretically suboptimal. First, basing media formulations on 
elemental analysis of biomass does not address the cell’s regulatory machinery and is no 
guarantee that optimal conditions will be achieved, as the original biomass analysed, may 
itself have been produced under suboptimal conditions such as nutrient limitation or 
excess. Second, the use of complete factorial analysis of a few selected variables fails to 
identify the theoretical optimum of production. For example single nutrient analysis (e.g. 
of N) misses the role of potential interactions between other nutrients (e.g. Ca and P) [139, 
190, 193-196], and furthermore micronutrient requirements may vary under different 
growth conditions. A third approach involves the use of a full factorial screen. In a full 
factorial design every combination of factor levels is tested. For example, a two-factor 
design a x b with the first factor tested at a levels and the second factor tested at b levels 
extending to an number of runs for a complete factorial for n factors, each at a levels.  
This would provide a statistically valid analysis but is limited by the fact that an 
optimisation of the 21 most commonly used elements (macro: C, N, P, K, Ca, Mg, S, Na, 
Cl and micro: Fe, Mn, Zn, Cu, B, Mo, Si, Se, V, Co, Ni, I) at even 3 different 
concentrations would require 321 experiments (=10,460,353,203). This is already excluding 
additional commonly used amino acids, vitamins and/or other additives. Clearly this is an 
impractically large set of variables to analyse which would have to be increased further if 
proper consideration was given to nitrogen type (e.g. NO3-, NH4+ or urea), different carbon 
forms (e.g. glucose or acetate) to support photoheterotrophic, mixotrophic or heterotrophic 
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growth, and other supplements (e.g. vitamins). Yet despite this, failure to analyse this 
full and complex statistical space, is likely to result in the inability to identify optimal 
conditions. 
 
Fractional factorial designs provide a compromise in which the number of test conditions 
required to complete a full factorial experiment is impractical. The design introduced by 
Plackett and Burman [197] is a two-level fractional factorial employed to identify 
important factors for further investigation but is not suitable to investigate interactions 
between factors [190]. Central composite designs (CCD) are composite designs based on 
two-level factorial methods supplemented with the addition of sufficient additional points 
to estimate curvature and interaction effects. The number of trial conditions increases 
exponentially with the number of factors being tested (e.g. 2 factors require 16 runs 
ideally). In contrast Box-Behnken designs are three-level partial factorials which provide 
an economic alternative to central composite designs. 
 
Kennedy and Krouse [190] suggested the following three phases of experimentation:  
1. Identify important variables (‘screening’) using mostly two-level fractional factorials 
and Plackett-Burman designs [197].  
2. Optimisation using two-level factorial designs.  
3. Central composite (CCD) or Box-Behnken design. 
 
Data assessment of the growth responses to a large amount of different growth conditions 
most commonly uses a response surface methodology (RSM). This can involve first, the 
‘informal steepest ascent’ by picking the best medium as the new centre point or using the 
signs of the estimated effects and predict what the best medium might be, using it as the 
new centre point, or second, analyse a complete factorial design using a standard analysis 
of variance (ANOVA) and the comparison of means, or third, use multiple linear 
regression [190]. 
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Culture media components: While macroelements such as N and P are clearly 
required by all algae, their optimal ratios are species dependent and for micronutrients 
both concentration-dependent nutrient sensitivities (e.g. resistance to metal ion toxicity) 
and biological and chemical interactions (both positive and negative) between nutrients 
can occur. Generally nitrate, ammonia and/or urea are the preferred nitrogen sources at a 
bioreactor scale [198], with the nitrogen source preference being strain specific [199, 200]. 
Information on the composition of microbial biomass in relation to the formation of a 
particular product is very limited and likely varies depending on species and culture 
conditions [134]. One example for culture media optimisation based on elemental biomass 
composition has been shown for a heterotrophically grown Chlorella vulgaris with a molar 
stoichiometry of C3.96:H7.9:O1.875:N0.685:P0.0539:K0.036:Mg0.012 [201]. This ratio has 
been reflected in the optimised media compositions for biomass production in a high-cell-
density fedbatch processes (e.g. [200, 202]. The application of stoichiometric principles to 
an established medium for photoautotrophic growth of Chlorella spp. [203] has shown [204] 
a fivefold increased biomass yield when the medium was optimised by increasing iron, 
magnesium, sulphur and nitrogen concentrations.  
 
In order to lower fertiliser costs and increase economic viability for an industrial process, 
N-sources can also be provided using waste streams such as brewers’ grain, whole whey, 
fishmeal, urea or slink meal. The particular nutrient sources vary for different sites because 
of regional geographic and social development differences. However, just because a 
substrate is inexpensive does not mean it is automatically the best. Certain substrates for 
example can cause foaming in aerated reactors (e.g. whey), subject to degradation due to 
heat (urea to ammonia) or contain other toxic compounds (such as heavy metals in fish 
meal). Usually only locally available by-products are economic as drying and transport 
cost are prohibitive. Waste streams can contain complex medium compounds that can lead 
to wide variation in quality between batches having a significant impact on biological 
outcome. However, this can also be the case for ‘pure’ compounds usually used for high 
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value (fermentation) products. 
 
Other challenges to address for industrial process designs are: 
• Certain compounds added to the media are not necessarily available to the 
microorganism (bioavailability), e.g. precipitation or the formation of struvite 
(magnesium ammonium phosphate hexahydrate, MgNH4PO2 * 6H2O) can occur 
and form hard insoluble particles.  
• The effect of inoculum conditions and nutrient carryover on medium design 
experiments is often disregarded but can have a significant impact on results as 
well as water quality (especially when excessively hard or containing trace mineral 
levels). Carryover can also be intracellular in that it may take many cell cycles 
before intracellular reserves are exhausted (mainly trace components but also 
reported for phosphate). 
• Different kinds of materials (glass, stainless steel, plastic) used for bioreactors and 
piping can also change biological performance. For example metals can leach into 
medium from glass surfaces. 
 
Due to statistical complexity and constantly changing environmental conditions it is 
almost impossible for operators to claim that they have defined the ‘optimum’ medium 
conditions as it is always possible that another, as yet unknown, medium composition out-
performs the existing medium [190]. A more suitable way to describe a newly designed 
medium would be to call it an ‘improved medium’ or a medium with ‘enhanced 
performance’ [190]. Furthermore, medium design is intrinsically linked to strain selection 
and development and instead of developing one at a time (i.e. medium then strain or 
strain then medium), conducting both simultaneously could greatly benefit targeted 
screens for individual production scenarios [190]. That is why it is essential to choose the 
product target before beginning the design process. For example, the best medium for 
producing cells is not usually the best medium for producing secondary metabolites. 
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Nevertheless enhancing biomass production and photon conversion efficiency is an 
important first step for a wide range of processes. 
 
Simply picking the best medium neglects the richness of data available. Hence, trends 
should be teased out of the data and a newly designed media should be retested to assess 
the variability of microbial performance on the chosen medium before scale up to outdoor 
reactors. When performing growth condition screenings it is also important to implement 
documentation strategies (databasing) for e.g. substrates (N-sources, organic C-sources) 
and likewise chemical shelf, concentration preferences and interaction effects of different 
nutrients. Databases could also enable a targeted selection of strains for certain 
applications as for example microalgae for wastewater treatment requires an approach in 
selecting the organism for a given substrate to enhance performance. 
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2.2 Automated nutrient screening system enables high-
throughput optimisation of microalgae production conditions 
This chapter describes the development of a high-throughput algae growth screen used for 
nutrient optimisation.  
 
Abstract: Microalgae provide an excellent platform for the production of high-value-
products and are increasingly being recognised as a promising production system for 
biomass, animal feeds and renewable fuels. Here we describe an automated screen, to 
enable high-throughput optimisation of 12 nutrients for microalgae production. Its 
miniaturised 1728 multi-well format allows multiple microalgae strains to be 
simultaneously screened using a two-step process. Step 1 optimises the primary elements 
nitrogen and phosphorous. Step 2 uses Box-Behnken analysis to define the highest growth 
rates within the large multidimensional space tested (Ca, Mg, Fe, Mn, Zn, Cu, B, Se, V, 
Si) at three levels (-1, 0, 1) (Figure 3). The highest specific growth rates and maximum 
OD750 values provide a measure for continuous and batch culture. The screen identified 
the main nutrient effects on growth, pair-wise nutrient interactions (e.g. Ca-Mg) and the 
best production conditions of the sampled statistical space providing the basis for a 
targeted full-factorial screen to assist with optimisation of algae production. 
 
The presented data in this chapter are published in:  
Khairul A Radzun*, Juliane Wolf*, Ian L Ross, Gisela Jakob, Eugene Zhang, Evan 
Stephens, Ben Hankamer. Automated nutrient screening system enables high-throughput 
optimisation of microalgae production conditions. Biotechnology for Biofuels, 8:1-17, 2015 
(*Equal contributions). 
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Figure 3: Scheme of the 2-step high-throughput microalgae growth screen applied to nutrient 
optimisation. It illustrates the analytical process of the growth screen. The top left image shows a 96-well 
plate after Screen 1 cycle (red box: number of conditions for 1 strain), followed by its data analysis (top 
right, curve fit and determination of µmax for each growth condition). The condition with the highest µmax 
value is then chosen as a baseline to screen for the effect of Ca, Mg, Fe, Mn, Zn, Cu, B, Se, V and Si on 
growth (bottom right image: number of conditions in two 96-well plates) using a statistical matrix. Each 
condition is again analysed for µmax values resulting also in findings that specify main nutrient effects on 
growth, pair-wise nutrient interactions (e.g. Ca-Mg) and the best production conditions. The figure 
illustrates the optimisation of nutrients of strain 11_D12 in 240 different conditions. 
 
Here we report an advanced miniaturised high-throughput robotic screen designed to 
identify the best nutrient conditions for a broad range of species within this complex 
multi-dimensional statistical space and is suitable to analyse a broad range of microalgae 
species. The screen contains the above 21 mineral elements and vitamin B1 and B12, and 
focuses on the statistical optimisation of 12 of the most important of these. These include 
the 12 macro (N [i.e. NO3-, NH4+ & urea], P, Ca, Mg) and micro-elements (Mn, Zn, Cu, B, 
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V, Si, Fe, Se) with the remaining nutrients provided in reportedly replete levels at 1% 
CO2 concentration (near optimal, though this can be adjusted).  
 
Through the use of an automated two phase screening process (Step 1: optimising N and 
P; Step 2: all other variables) and the use of an incomplete factorial Box-Behnken design 
(10 elements at 3 concentrations = 310 = 59,049 full factorial conditions) the statistical 
search space was compressed over 328 fold to 180 trials in step 2. A total of 246 trials (for 
Step 1 and 2) were performed for each strain analysed. Specifically the system is designed 
to measure growth curves based on OD750 (a proxy measure for biomass) to measure 
maximum growth rates (as a model for continuous culture) and total biomass yield (as a 
model of batch culture) (Figure 4). The measurement of growth rate was the usual 
approach and based on this the statistical performance of each condition was evaluated to 
identify: 
1. the best nutrient mix for a given algae cell line. 
2. the best concentration range for each nutrient (i.e. limiting, sufficient and toxic 
levels of supply) which has operational importance for scale up. 
3. positive and negative statistical nutrient interactions that affect microalgae biomass 
production.  
 
The screen therefore provides an excellent basis for next phase targeted full factorial 
screens under scaled up conditions on the path to commercial process optimisation for 
efficient biomass production. 
 
2.2.1  Results and Discussion 
2-step nutrient screening matrix design: The layouts of the Screen 1 and 2 matrices 
used to identify the best nutrient mixtures for a single species are shown in Figure 5a and 
b, respectively. The Screen 1 ‘matrix unit’ consists of 63 microwells. This matrix unit was 
copied 24 times across the eighteen 96 well plates to construct the full ‘24 unit Screen 1 
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matrix’ that formed a full 1512 well screen run (Figure 4b). The 24 unit Screen 1 matrix 
enables 24 individual species (or 8 species in triplicate) to be analysed simultaneously.  
 
 
Figure 4: The screening system used for nutrient optimisation. See material and methods for 
details. 
 
The Screen 2 ‘matrix unit’ consists of 183 microwells (180 screen solutions and 3 internal 
TAP controls). TAP is a standard medium for Chlorophytes and contains acetate which 
can be metabolised by most microalgae thereby allowing mixotrophic growth. Mixotrophic 
growth generally yields higher growth rates than photoautotrophic growth providing a 
positive control. It was copied 9 times across the eighteen 96 well plates to construct the 
full ‘9 unit Screen 2 matrix’ that formed a full 1647 well screen run (Figure 4b). The 9 
unit Screen 2 matrix enables 9 individual species (or 3 species in triplicate) to be analysed 
simultaneously.  
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The full factorial Screen 1 (Figure 5a) consists of three phosphate (KH2PO4) 
concentrations (0, 2 and 10 mM) and five nitrogen concentrations for NaNO3 (to identify 
NO3- utilising strains), NH4Cl (to identify NH4+ utilising strains), NH4NO3 (to identify 
NH4+ and NO3- utilising strains) and urea (NH2)2CO (to identify strains that can use this 
alternative cheaper nitrogen source). The values of 0, 2 and 10 mM KH2PO4 were selected 
to provide phosphate limited conditions (0 mM), an average literature value (2 mM) 
(Table 9) and excess phosphate (10 mM) (see methods and Table 4). A similar approach 
was taken to set the N concentrations in screen 1, for the N sources NaNO3, NH4Cl, 
NH4NO3 and (NH2)2CO. All other nutrients were set as described in Table 6 to reflect 
average literature values. 
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Figure 5: The multidimensional nutrient screen. a) Initial Screen 1 (Screen 1.1) optimises phosphate 
concentration (0, 2, 10 mM KH2PO4) as well as N type (NaNO3, NH4Cl, (NH2)2CO and NH4NO3) and 
concentration (0-30 mM). The N source concentration is adjusted to account for the number of N atoms in 
the source (e.g., NaNO3 = 1, NH4NO3 = 2). b) Screen 2 uses a Box Behnken design in which the 
nitrogen/phosphate condition that yielded the highest growth rate in Screen 1 form the mid point of this 
multidimensional screen. It has three concentration levels (-1, 0 and +1) for the elements Ca, Mg, Fe, Cu, 
Mn, Zn, B, Se, V and Si. The trace elements Mo, Co and vitamins B1 and B12 are kept constant (see 
materials and methods). Screens 1 and 2 are designed to measure the rate of change in optical density (e.g. 
OD750) to define specific growth rates and total yield as a proxy for biomass production.  
 
Preliminary screening using macronutrients: 8 randomly selected algae strains were 
screened (M. inermum (18-1), A. gracilis  (18-2), R. complanata (SF-150), C. sorokiniana 
(21), M. convolutum (9-FW), C. pyrenoidosa (22), M. reisseri (13), P. falcate (4A-1)) 
using a preliminary Screen 1 (Screen 1.1). The results for 4 of these are shown as a 
photographic profile after 72 hours of incubation in Figure 5a. The growth rate was very 
much lower than that of the TAP control, in all of the mixotrophic conditions tested. As 
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CO2 was provided as a 1% CO2: Air (v/v) mixture this suggested that nutrient(s) other 
than CO2, N and P might be present either in limiting or inhibitory concentrations despite 
being based on average literature values. 
 
Growth curve fitting: The parallel acquisition and screening of ~1700 growth curves 
requires automation and robust quality control to ensure that the maximum specific 
growth rates are as accurately defined as possible for later statistical analysis (Figures 4-
6). Figure 6 shows schematic examples of growth curve patterns observed and the quality 
control processes implemented. Figure 6a shows an example of a typical robust growth 
curve and the fitted model (R2 value =99.15%). The converse ‚‘no growth’ example is 
shown in Figure 6b. Due to light and nutrient limitation even the most rapidly growing 
cultures plateau at ~OD750 = 1.0. Control experiments (data not shown) confirmed that 
the plate reader yielded a linear relationship between biomass and beyond this range. 
Conditions in which maximum OD750 values less than 0.8 were obtained were checked 
manually to discriminate between the alternatives of continuous (but slow) growth, or 
rapid growth with an early end-point limitation due to nutrient depletion. Figure 6c shows 
an example of a sigmoidal curve with lower maximum OD750 and weak strain specific 
circadian rhythm. Fitting a sigmoidal curve through the data allows the circadian rhythm 
component of the model to be eliminated. Figure 6d shows a profile which includes an 
apparent cell growth and subsequent cell death phase. As a result, a good sigmoidal fit was 
not possible (R2 did not converge) and such conditions were eliminated from the final 
analysis. Figure 6e depicts a growth curve with an intermediate strength circadian rhythm 
or intermittent flocculation, while Figure 6g shows a stronger circadian 
rhythm/intermittent flocculation pattern. Figure 6f and h are examples of curves yielding 
ambiguous fits. These were manually excluded from further analysis based on the low max 
OD750. 
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Figure 6: Data analysis and Quality control: Examples of common microalgal growth curve 
morphologies (red) and modelled fits calculated using Graph Pad Prism (blue). The main aim of this curve 
fitting step is to automate the identification of typical growth curves eliminate atypical growth curves that 
could introduce errors into the downstream analysis to provide sigmoidal fits that could be used to determine 
specific growth rates more accurately. See text for details. 
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Automated sampling and data analysis: Table 4 shows the three highest growth rates 
(in bold) obtained for the eight species tested and the N and P conditions under which 
these were obtained. Closer analysis shows that the relative standard deviation (RSD) is 
well below 5% and sometimes below 1% between biological replicates. Typically manual 
OD measurements yield ~10% error levels between biological replicates. The low standard 
deviations achieved in this automatic screen were due to three factors. First, automating 
nutrient solution preparation reduced dispensing errors. Second, optical density 
measurement errors were also reduced through automation. Third, the process of 
automation enabled the collection of a large number of data points (24 for each 
experiment) which improved the statistical curve fit used to calculate the µmax value for 
each experiment condition. The RSD values therefore reflect these collective improvements 
over manual analysis.  
 
It should be noted that the process of automated OD measurement requires the robotic 
removal of the lid of each 96-microwell plate within the cultivation chamber for a period of 
2.7 min per measurement (once every 3 hours). As a result it is not possible to completely 
eliminate evaporation. However the reduction of the optical path length through 
evaporation is compensated for by the concomitant increase cell concentration. Regardless, 
to minimize these effects the µmax values were typically calculated during the first 24-48 
hours of the experiment. It is of note that despite these small evaporative losses the RSD 
values are significantly lower than can be achieved through manual measurement (see 
above). As the automation process enables the analysis of 1728 samples simultaneously 
and the RSD values are low it is concluded that is an acceptable compromise. 
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Table 4: Summary of specific growth rates of Screen 1.2. Algal strains were cultivated in 
triplicates. The rows in bold represent the best performing algal strains and conditions. 
Strain TAP media, 
µmax [h-1] 
Mean µmax [h-1] Highest 
individual 
µmax [h-1] 
N- and P-Source 
M. inermum  
(18-1) 
0.195 ± 0.004 0.116 ± 0.001 0.135 ± 0.002 3.8 mM NH4NO3 
2 mM KH2PO4 
A. gracilis  
(18-2) 
0.187 ± 0.008 0.116 ± 0.001 0.147 ± 0.007 3.8 mM NH4NO3 
10 mM KH2PO4 
R. complanata  
(SF150) 
0.197 ± 0.003 0.123 ± 0.003 0.145 ± 0.009 13.2 mM NaNO3 
2 mM KH2PO4 
C. sorokiniana  
(21) 
0.116 ± 0.001 0.104 ± 0.002 0.125 ± 0.003 3.8 mM NH4NO3 
2 mM KH2PO4 
M. convolutum  
(9-FW) 
0.230 ± 0.008 0.127 ± 0.004 0.156 ± 0.002 8.4 mM NH4Cl 
10 mM KH2 PO4 
C. pyrenoidosa  
(22) 
0.116 ± 0.001 0.095 ± 0.001 0.107 ± 0.002 8.4 mM NH4Cl 
2 mM KH2PO4 
M. reisseri  
(13) 
0.215 ± 0.003 0.144 ± 0.003 0.168 ± 0.008 3.8 mM (NH2)2CO  
10 mM KH2PO4 
P. falcate  
(4A-1) 
0.191 ± 0.002 0.129 ± 0.004 0.156 ± 0.007 7.5 mM (NH2)2CO  
2mM KH2PO4 
 
Strain performance: The specific growth rates of the eight microalgae strains tested using 
Screen 1.1 (Figure 5a) were well below the µmax in TAP media (0.14-0.23 h-1). 
Consequently a screen including micronutrients (Screen 2) was conducted to identify key 
limiting nutrient factors. 
 
For this purpose the three best-performing microalgae strains, M. convolutum (9-FW), M. 
reisseri (13) and P. falcate (4A-1) were chosen. They were tested in Screen 2 in triplicate 
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using 4.2 mM NH4Cl and 10mM KH2PO4 for strains M. convolutum (9-FW) and M. 
reisseri (13) and 30 mM NH4Cl and 10 mM KH2PO4 for strain P. falcate (4A-1) as the 
starting point. These Screen 1 formulations yielded specific growth rates of 0.061 h-1, 0.083 
h-1 and 0.059 h-1 for strains M. convolutum (9-FW), M. reisseri (13) and P. falcate (4A-1) 
respectively. The best condition identified in Screen 1 forms the centre point (CP) of 
Screen 2 (Material and Methods) and acts as the baseline reference for Screen 2.  
 
Figure 5b shows a photographic overview of Screen 2 at the 72 hr endpoint. The two key 
points to note are that the 180 condition Screen 2 Box Behnken analysis yielded a broad 
range of different growth rates and final biomass densities (light to dark green) and that 
some of the conditions tested yielded culture densities much closer to those obtained with 
the TAP control than was achieved in Screen 1.1. Based on these results all of the curves 
were individually subjected to the quality control analyses (see Figure 6) and the specific 
growth rates determined for each of the 180 Screen 2 conditions tested. Figure 7 
summarises this information as a radial plot of the average (triplicate) specific growth 
rates (h-1) obtained for the three strains (M. convolutum (9-FW) (black), M. reisseri (13) 
(blue) and P. falcate (4A-1) (red)) for each of these 180 conditions. The first point of note 
is that the average of the Screen 2 specific growth rates are the same as the best conditions 
obtained in Screen 1. This is because 20 of the Screen 2 conditions are identical with the 
best conditions from Screen 1 and are used as the mid point controls (centre points). 
Closer analysis also shows that several conditions yielded growth rate values significantly 
above (0.108 h-1, 0.138 h-1, 0.119 h-1 for M. convolutum (9-FW), M. reisseri (13) and P. 
falcate (4A-1), respectively) this mid point (0.084 h-1, 0.12 h-1, 0.078 h-1 for M. convolutum 
(9-FW), M. reisseri (13) and P. falcate (4A-1), respectively) and much closer to the 
positive TAP controls (0.193 h-1, 0.2 h-1, 0.175 h-1 for M. convolutum (9-FW), M. reisseri 
(13) and P. falcate (4A-1), respectively). The best conditions obtained for the three strains 
are summarised in Table 5. 
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Figure 7: Radial plots of the highest specific growth rates of M. convolutum (9-FW) (black), 
M. reisseri (13) (blue) and P. falcate (4A-1) (red) in 180 Screen 2 conditions (a) and growth 
rate analysis for M. convolutum (9-FW) in the subsequent screen 1.2 (b). (a) The radial plot 
displays the highest specific growth rate µmax (h-1) for each condition indicated by the distance of a given 
data point from the centre of the plot. The radial plot shows growth rate data of screen 1.1 in comparison to 
screen 2 to visualise the growth performance improvement. The growth rate performance of three key strains 
in screen 2 was much higher than in screen 1.1. (b) Surface chart of the growth rate data analysis in screen 
1.2. The growth rate data are shown as a function of the nitrogen (N) and phosphate (P) concentration 
exemplary for M. convolutum (9_FW) in individual plots for media containing NaNO3 (1), NH4Cl (2), 
(NH2)2CO (3) and NH4NO3 (4) as nitrogen source. 
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Table 5: Summary of specific growth rates and best medium composition in Screen 2 for M. 
convolutum (9-FW), M. reisseri (13) and P. falcate (4A-1). Algal strains were cultivated in 
triplicates. 
Strain Highest 
µmax 
[h-1] 
Centre 
point µmax 
[h-1] 
TAP 
control 
µmax 
[h-1] 
Improve-
ment 
over       
Screen 
1.1 (%) 
Medium 
with 
highest 
µmax 
Element variation 
in best media 
M. convolutum (9-
FW) 
0.108 ± 
0.010 
0.080 ± 
0.008 
0.191 ± 
0.005 
44 177 Ca (+1), Mn (+1), 
B (-1), V (-1) 
M. reisseri (13) 0.138 ± 
0.016 
0.118 ± 
0.004 
0.200 ± 
0.021 
40 175 B (+1), Fe (+1), Si 
(+1), Cu (-1) 
P. falcate (4A-1) 0.119 ± 
0.017 
0.077 ± 
0.008 
0.175 ± 
0.012 
50 79 Ca (+1), Fe (+1), 
Zn (+1), Se (+1) 
 
Main and interacting element effects: Next the highest specific growth rate values 
from the Screen 2 trials were subjected to Main effects (p-value) analysis using Minitab 
(Figure 8a). For a given element (e.g. Ca) this analysis involved: 1. The clustering of all 
conditions with low calcium (-1), medium calcium (0) and high calcium (1) concentrations; 
and 2. Calculating the average specific growth rate and standard deviation of each of these 
-1, 0 and 1 clusters and determining whether there is a significant difference between them 
(p≤ 0.05). In the case of calcium (Figure 8a) it can be seen that at higher concentrations 
(1) higher growth rates are achieved than at lower concentrations (-1). A similar analysis 
was conducted for Ca, Mg, Fe, Cu, Mn, B, V, Si, Zn and Se (Figure 8a) for all eight 
species. The statistical analysis showed (Figure 8b) that of the eight strains tested calcium 
had a significant effect for three strains as did Fe and Zn, while Mg affected two of eight 
(strains M. convolutum (9-FW) and M. reisseri (13)). The system is also designed to 
analyse pair wise interactions using Minitab (Figure 8c). Such analysis can identify a 
number of potential species/nutrient mix specific effects (e.g. Mg-Zn in M. convolutum 
(9_FW)), or interactions common to more than one species (e.g. Ca-Mg for P. falcati (4A-
1) and M. reisseri (13)). 
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Figure 8: Main and Interaction Effects analysis. Plot (a): Summary of the Main Effects p-value 
analysis for M. convolutum (9-FW) exhibiting significant nutrient effects on microalgae growth rates (h-1). 
(b) Radial plot showing the number of microalgae strains of the eight tested that exhibited significant Main 
Effects p-value for specific elements. Three strains exhibited significant Main Effects p-value for calcium, two 
strains exhibited significant Main Effects p-value for magnesium. Overall, calcium, magnesium, iron, zinc 
and manganese were found to be significant and require modulation for improved growth to be achieved. (c) 
Venn diagram showing pair wise interactions identifying a number of potential species/nutrient mix specific 
effects (e.g. Mg-Zn in M. convolutum (9_FW)), or interactions common to more than one species (e.g. Ca-
Mg for P. falcati and M. reisseri). 
 
Performance improvements through nutrient optimisation: The statistical Main 
and Interaction Effects analyses of Screen 2 as well as the analyses of its individual media 
compositions resulting in improved growth, determined that Ca, Mg, Zn and Mn were for 
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utility of the nutrient screen and to test whether the adjustment of Ca and Mg (highest 
and most frequent significance) in Screen 1 would result in significant improvement in the 
observed maximum specific growth rates, Screen 1.2 was tested. It differed from Screen 1.1 
in that it used a four-fold increase of Ca (raised from 0.213 mM to 0.85 mM) and Mg 
(raised from 0.375 mM to 1.5 mM as the new baseline concentration (Table 4). The same 
eight microalgae strains tested in Screen 1.1 were then tested in Screen 1.2. 
 
All strains showed better photoautotrophic growth performance in Screen 1.2 than in 
Screen 1.1 as shown in (Figure 9). 
 
 
Figure 9: Improvement of photoautotrophic growth performance by the nutrient screen 
system. Histogram showing the highest growth rate of the microalgae strains M. inermum (18-1), A. gracilis  
(18-2), R. complanata (SF-150), C. sorokiniana (21), M. convolutum (9-FW), C. pyrenoidosa (22), M. 
reisseri (13) and P. falcate (4A-1) in photoautotrophic (screen 1.1, screen 1.2) and in photoheterotrophic 
conditions (TAP medium). 
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the nitrogen source and this also yielded the highest end-point OD750 after 72 hours of 
cultivation (end-point). Most strains were also able to grow in all tested nitrogen sources 
supplied in the Screen 1.2 and growth trends seemed to be directly correlated to nitrogen 
and phosphate concentration levels (Figure 7b). The preferred phosphate concentrations 
varied between 2 mM and 10 mM, perhaps reflecting the capacity of the different algal 
strains to store phosphate intracellularly. The majority of strains, however, required only 2 
mM phosphate (KH2PO4) to achieve high end-point OD750 values.  
 
In Screen 1.2 NH4+ salts are observed to be the most readily accessible and energy efficient 
(requiring less energy for assimilation) source of nitrogen [205] although at high 
concentration it can cause toxicity [198, 206, 207] and variation in pH. This may also be 
due to pre-adaptation of the algae to TAP media (maintenance media of the strains), 
which contains NH4+ as nitrogen source. However, the two strains Chlorella pyrenoidosa 
(22) and Podohedriella falcate (4A-1) showed good growth in NH4+ but grew best in urea 
((NH2)2CO) despite pre-adaptation to NH4Cl from TAP media. Strains Micractinium 
inermum (18-1), Ankistrodesmus gracilis  (18-2), Chlorella sorokiniana (21), and 
Micractinium reisseri (13) showed the highest specific growth rates with ammonium 
nitrate as the N-source, perhaps because the ammonium concentration is low enough to 
avoid toxicity but the nitrate still provides excess capacity on ammonium depletion.  
 
Ca and Mg: The Screen 1.2 experiments demonstrated that reformulation of calcium and 
magnesium (based on Screen 2 results) can increase the performance of the microalgae in 
both growth rate and end-point OD750. In future, re-optimisation of nutrients such as zinc 
and manganese, bioprospecting of new strains, pre-adaptation of the current microalgae 
strains with the improved media followed by re-screening and re-evaluation of physical 
cultivation parameters (optimisation of CO2 level, temperature and light intensity) are 
some approaches that may generate further improvements in growth rate and biomass 
accumulation that maximises photoautotrophic growth potential. 
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The significance of calcium and magnesium for photoautotrophic microalgal growth is 
interesting, as they are important elements in the microalgal photosynthetic apparatus. 
Calcium is part of the water oxidizing complex [138] of photosystem II and an important 
element in the CO2 fixation process in the Calvin-Benson-Bassham cycle (CBB cycle, 
reductive pentose phosphate cycle) which is the metabolic pathway that connects 
photosynthetic energy production to the conversion of atmospheric CO2 into organic 
compounds [208]. Calcium may also be involved in ion transport [209], which is important 
in nutrient uptake, and physico-chemical processes such as buffering, precipitation or 
interactions with toxic components. Magnesium on the other hand, accounts for 2.7% of 
the molecular weight of chlorophyll, and is necessary for chloroplast structure [210] 
involving the formation of grana from the thylakoid stacks [211]. Magnesium is also 
involved in chloroplast synthesis and in microalgal metabolism (it occurs in many cellular 
enzymes such as RNA polymerase, ATPases, protein kinases, phosphatases, glutathione 
synthase, and carboxylases). Appropriate formulation of calcium and magnesium 
concentrations are therefore important for core metabolic and photosynthetic processes in 
the microalgal cells and can influence growth performance. From the literature it was not 
predicted that these would be the most crucial nutrients to be found. Clearly much more 
targeted experiments are required to identify the nature of these nutrient effects and 
interactions. 
 
Screen performance: The system defined optimal search spaces of nutrient 
concentrations and combinations and identified potential nutrient interactions and 
nutrient toxicity. The specific growth rates obtained are in broad agreement with the 
larger scale cultivation values reported in literature [212]. The system was validated in 
terms of well-to-well variability (repeatability test by using Cronbach’s alpha analysis of 
92-96% accuracy), run-to-run variability (reproducibility test standard deviation of 2.1 to 
16.9% accuracy), and with respect to potential artefacts such as edge effects through 
evaporation. The data validity was found to be within the satisfactory error range. The 
best nutrients blends for each strain, and the corresponding nutrient main effects and 
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interactions identified provided solid basis for further full factorial refinement of 
additional variables such as light quality and intensity and CO2 concentration in scaled up 
systems better suited for this purpose. 
 
Future optimisation:  
Lag phase reduction: In suitable media conditions the lag phase lasted approximately 6 
to 9 hours prior to log growth phase. The lag phase length is dependent on species, the 
metabolic state of the cells as well as photoinhibition and could potentially be reduced by 
using improved pre-culture conditions for individual species. 
 
Nutrient range optimisation: An important consideration is the nutrient concentration 
range covered between the -1 and +1 conditions of the Box-Behnken analysis. Initially the 
default condition was to use half (-1) or twice (+1) the average concentration. However, 
unlike the macronutrient case, it is possible that optimal ranges of micronutrients can vary 
by orders of magnitude, so that much wider ranges should be investigated in future 
designs. Future rounds of screening with wider micronutrient ranges may be required to 
uncover these ranges for specific situations. However based on Screen 1.2 and 2 as well as 
main effects and pair wise interaction analysis the optimisation space can be greatly 
reduced and the analysis of these variables ranked according to their relative importance. 
 
2.2.2  Conclusions 
While a range of statically optimisation processes have been reported [213-215] these have 
only been tested using small experimental arrays (e.g. ~16-20 experiments). The new 
miniaturised and automated 1728 multiwell Screen format presented here has enabled the 
analysis of a large multidimensional space (Screen 1: N and P full factorial; Screen 2: 10 
elements at 3 concentrations) for nutrient sufficiency (and minimisation of toxic effects) at 
three levels. The broad statistical space sampled (310 = 59,049 full factorial conditions) 
was compressed 328 fold and successfully analysed using an incomplete factorial Box-
Behnken design and required only 246 trials per cell line. This analytical method is 
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therefore a powerful tool that can provide greatly improved data matrices over those 
reported to date. Furthermore it yielded the main effects (e.g. main nutrient effects on 
growth), identified pair-wise nutrient interactions (e.g. Ca-Mg) and provided the basis for 
a smaller targeted full-factorial screen-set to assist with optimisation of algae production 
processes for scale up in terms of energy balance and economic return. The further 
integration of photographic recording, FACS analysis and FTIR screening opens up the 
opportunity to extend analyses to factors affecting cell aggregation, cell division and 
metabolic pathways. The rates obtained compare favourably with those reported in the 
literature [212]. This can explained by near optimal nutrient provision under conditions in 
which light and CO2 are not limiting low cell concentrations and thin cultures [216]. 
 
2.2.3  Material and Methods 
2.2.3.1 High-throughput screen design 
The nutrient screen was designed to provide a miniaturised, automated, high-throughput 
platform for rapid low cost optimisation of nutrient conditions. The 96 well microwell 
plate format was chosen as a basis for the design as it provides future flexibility to expand 
sample scaling (e.g. 384, 96, 48, 24, 12 and 6 well) as well as array scalability (e.g. from 
the current eighteen 96 well plates =1728 wells) while achieving acceptable errors 
associated with miniaturisation.  
 
Optical density (OD750) which is a measure of light scattering, was used as a proxy for 
biomass and to determine microalgal growth rates [217]. It was chosen as it is a standard 
measure of growth kinetics and is highly correlated with biomass yield. Furthermore it 
provides the required precision and accuracy for this broad screen, and is cheap, simple 
and suited for automation. The use of OD750 eliminates the effects of varying chlorophyll 
content of the cells. Although OD750 solely measures light scattering and so does not 
differentiate between algae, bacterial or fungal biomass, detritic compounds or algal 
exudates, the use of axenic algae cell cultures eliminated most of these complications. 
Subsequent further precision testing of high performance conditions identified during the 
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screen can be conducted to deliver higher precision if required. However as it is based on 
light scattering it is influenced by cell size. For the purposes of this broad screen it is 
therefore necessary to assume that cell size does not vary significantly over the duration of 
the experiment. This is clearly an approximation. However the screens were species specific 
(measuring intra-species variance related to nutrient effects) and the average cell size of 
most algae species do not vary more than 2-3 fold in diameter throughout the growth 
cycle. Unless synchronised, this is the case for most populations containing a mixture of 
cell sizes [218]. Cultivation was conducted for 75 hours or less to minimise evaporation 
effects. A second-generation system design could potentially incorporate additional checks 
for accuracy of biomass estimation. 
 
Automated media preparation 
A Tecan robot (Freedom Evo 150) (Figure 1a) equipped with a liquid handling arm (1) 
was used to accurately dispense the nutrient screen matrix stock solutions into 1728 wells. 
The liquid handling arm (1) dispenses the stock solutions from a set of 100 mL troughs (2) 
into eighteen 96-well plates placed on two platforms (3) to generate the nutrient blend 
matrices required for growth trials. A large trough (4) located between the troughs (2) and 
platform (3) was used to wash the tips between the dispensing steps of different nutrients. 
The dispensed nutrient plates were then gamma sterilised at a dose of 2k-Gy. Microwell 
plates containing the media were wrapped in cling film and were stored at -20 ºC until 
used. A filter sterilised vitamin B1 and B12 solution (Acrodisc 0.22 µm filter) was added to 
the gamma sterilised media together with the microalgae inoculum (Figure 11, Figure 12, 
Table 8).  
 
Automated growth chamber  
System layout: A second Tecan system (Tecan Freedom EVO 150 robotic workstation, 
Tecan Group Ltd, Switzerland) was configured and further developed into an automated 
microalgae growth chamber (Figure 1b). Specifically, it was fitted with three orbital 
shakers (IKA KS 130 Control microwell plate shakers, IKA Werke GmbH&Co. KG, 
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Germany), each holding six 96 well microwell plates (5), enabling the use of a total of 
eighteen 96 well plates (1728 samples). The system was operated at room temperature and 
during the experiment remained within a range of 23 +/-0.5 oC.  
 
Illumination: Controlled top illumination (Figure 1b (6)) and bottom illumination (7) 
have been integrated into the system, with capacity for both continuous illumination and 
day night cycling. The top illumination system was designed to closely match the visible 
part of the solar spectrum. It consists of alternating fluorescent lights (12 Cool white 
Phillips PL-L55W/840 Cool White, Phillips International B.V. Netherland and 11 Phillips 
PL-L55W/830 Warm White lights, Phillips International B.V. Netherland). The 
fluorescent light sources extend beyond the whole cultivation area and were positioned 
over ~1.5 m above the microwell plates, to ensure even illumination. Uniformity of 
illumination across the full cultivation area was confirmed through detailed light meter 
measurements and achieved a maximum light intensity of 450 µmol photons m-2 s-1 at the 
microwell plate level.  
 
Below the microwell plates a customised diode array lighting system was also fitted (see 
Figure 4b insert). This illumination system positioned one light-emitting diode (SMD 3020, 
Epistar, Taiwan) below each well of each 96-well plate (LEDs are rated to +/-5%). The 
maximum illumination intensity is ~3000 µmol photons m-2 s-1 and can be adjusted 
between 0-100% of maximum intensity in 1% increments. This ability to vary light 
intensity enables ‘dynamic’ day night cycling. Programs coded in Arduino© (Arduino SA) 
provide the ability to run: (1) A fixed light cycle, (2) A day/night cycle with light flux 
changing at manually-set time increments (e.g. 5% every 30 minutes to a maximum or 
minimum level) to simulate outdoor solar conditions and (3) a rapid flashing light cycle to 
simulate mixing of cells in photobioreactors (maximum cycle speed is 10 ms-1). The top 
and bottom illumination systems can be used individually or in combination. 
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CO2 control: The growth chamber was also fitted with an atmospheric CO2 control 
system (Get Red-y 5 system, Voegtlin Instruments AG, Switzerland). Specifically two 
thermal mass flow controllers (Red-Y Smart Controllers, Voegtlin Instruments AG, 
Switzerland) were fitted to regulate the mass flow of air and CO2 into the chamber based 
on the measured CO2 concentration. The CO2 concentration was measured using the CO2 
probe (CARBOCAP® GMT 220 CO2 probe, Vaisala, Oyj, Finland) shown in Figure 1b 
(8). To minimise the use of CO2 required to maintain a stable 1% enriched atmosphere a 
specifically designed low wall mounting (9: dimensions: 110 cm x 45 cm x 13 cm) was 
fitted around the shakers. The volume within it (~65 L) is ~11 times less than the total 
volume of the entire Tecan enclosure (dimensions 115 cm x 130 cm x 50 cm) and as it does 
not have a top does not interfere with the light path from the top lights. A stable 1% +/-
0.3% CO2 enriched atmosphere could therefore be maintained much more precisely and 
with a reduced CO2 requirement by flooding the 1% CO2 mix into the bottom of the 
enclosure via a looping perforated tube system.  
 
Time course assays: A robotic manipulator arm (10 - Tecan, ROMA) was fitted to 
transfer the plates to a plate reader after removal of the lid (11 - Tecan Infinite M200 
PRO, Tecan Group Ltd, Switzerland) to measure optical density at defined intervals 
(typically every 3 hours). 
 
2.2.3.2 Algae growth media variations for the screening 
The ‘mid point’ and elemental screen range of the screen was based on an extensive 
literature search and the average values obtained. In total, eleven different fresh water 
media (TAP medium [219], HSM medium [220], Johnson Medium [221], Bristol Medium 
[222], Botryococcus medium [223], Spirulina medium [223], M4N medium [224], Modified 
Bold 3N [223], Del Río Medium [225], BG11-1 Medium [226] and Modified BG11 medium 
[227]) were analysed and their elemental compositions are compared in Table 9. NaNO3 
and NH4Cl were found to be the most common nitrogen sources. In this screen, urea 
((NH2)2CO), a common and cheap fertiliser, and ammonium nitrate (NH4NO3) which 
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provides an opportunity for microalgae to dynamically switch N-sources during growth, 
were also tested.  
 
For microelements, the Hutner’s Trace formulation [228] was modified by the inclusion of 
selenium, vanadium and silicon. Other elements have been included because many 
elements are not essential but beneficial for growth and to make the screening systems 
applicable to a broad variety of microalgae strains, such as diatoms. The average nutrient 
concentration based on these eleven media was used as the average values for Screen 1 and 
the initial mid-value for the Screen 2 system. It was noted that average concentration 
values derived from the literature search analysis may not be optimal but provided a 
sensible starting point for optimisation. Solubility constants of each element were 
examined to ensure that the formulation did not induce precipitation. 
 
Careful formulation of the microelements was crucial to produce accurate and sensible 
information from the nutrient screen systems for application to the larger scale systems 
such as bioreactor and open pond systems. Selenium (0.1 µM) [195], vanadium (0.009 µM) 
[226], silicon (273 µM) [226], vitamin B1 (52 µM) [196, 229] and vitamin B12 (0.1 µM) 
[196, 230] were used as a baseline of both screens in addition to the Hutner’s trace 
elements [228] and concentrations (Table 4) used for TAP media [219]. In addition, 0.5373 
mM Na2-EDTA, pH 8.0 (chelating agent) and 100 mM Tris-HCl (pH 7.4) buffer are added 
to the formulation (concentrations derived from range finding experiments, data not 
shown). Extensive preliminary trials were conducted to monitor optical density changes of 
the screen media over an experimental run period to ensure that no salt precipitation 
occur that could contribute to increased measured OD. Given this and to maximise the 
efficiency of statistical design, blank wells were not included in the runs. This is however 
optional. 
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To optimise the efficiency of the screen statistically (i.e. to maximise the 
multidimensional search space & minimise sample number) the screen was configured into 
a two stages process (Screen 1 and Screen 2). 
 
Screen 1 - N and P optimisation: Screen 1 was designed to identify the best N type 
and concentration tested (Figure 5) and these are based upon the average literature values 
(Table 9) and the concentration ranges listed in Table 6. The rationale for this approach is 
that different algae have different N preferences and that the effects of N and P are so 
important that without their initial optimisation the statistical influences of the other 
elements on algae growth will be masked. For example ammonium requiring algae would 
show very low growth in nitrate based media. 
 
The nitrogen (N) source concentration was adjusted to account for the number of N atoms 
in the source (e.g. NaNO3 = 1, NH4NO3 = 2). A chelating agent (0.5373 mM Na2-EDTA, 
pH 8.0) and a buffer (100 mM Tris-HCl, pH 7.4) were added to the formulation 
(concentrations derived from range finding experiments - data not shown). It is recognised 
that such high levels of EDTA and Tris-HCl would not likely be suitable for subsequent 
scale up cultivations; however, they are required here to ensure pH stability and to 
prevent precipitation in a miniaturised system that cannot be controlled in an automated 
fashion as in scaled up photobioreactors. 
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Table 6: Nutrient formulation of the Screen 1 system. Note: The average nutrient 
concentrations based on literature analysis (Table 9) are indicated in bold fonts. Refined 
nutrient concentrations after iterative cycling of nutrient screens are indicated in italic 
fonts. Nutrient elements in the grey box were prepared as Basal Medium for 5000 tests. 
(*1) Fe2(SO4)3.7H2O is prepared in 0.5360 mM Na2EDTA pH 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The full factorial design of Screen 1 investigates the effect of the four different nitrogen 
sources and one phosphorous source at five and three concentration levels, respectively 
(Table 6), for each algal strain in the test. In total, Screen 1 consists of 60 different 
photoautotrophic conditions and three positive photoheterotrophic controls (TAP media). 
 
Nutrient Screen 2 uses the best N and P conditions from Screen 1 and is based on the 
statistical incomplete factorial Box-Behnken design. It is designed to measure the effects of 
Ca, Mg, Fe, Mn, Cu, Zn, B, Se, V and Si on microalgal growth performance. The elements 
Nutrient 
Category Nutrient 
Final Concentration 
(mM) 
Nitrogen 
NH4Cl 0, 4.2, 8.4, 12.6, 30  
NaNO3 0, 4.4, 8.8, 13.2, 30 
(NH2)2CO 0, 3.8, 7.5, 11.3, 15 
NH4NO3 0, 3.8, 7.5, 11.3, 15 
Phosphate KH2PO4 0, 2, 10 
Macroelements CaCl2.2H2O 
0.213 (0.85) 
MgSO4·7H2O 0.375 (1.50) 
Microelements 
H3BO3 0.184 
Fe2(SO4)3.7H2O (*1) 0.001 
CuSO4.5H2O 0.0064 
MnCl2.H2O 0.0258 
ZnSO4.7H2O 0.077 
Na2SeO3 0.0001 
VOSO4.xH2O 0.000009 
Na2SiO3.5H2O 0.273 
(NH4)6MoO4.4H2O 0.00089 
CoCl2.6H2O 0.0067 
Chelating agent  
Na2EDTA, pH 8.0 
 
0.5373 
Buffer Tris-HCl, pH 7.4 100 
Vitamins 
Vitamin B1 (Thiamine hydrochloride) 0.052 
Vitamin B12 (Cyanocobalamin) 0.0001 
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were tested at 3 concentration levels coded as -1 (low), 0 (middle) and +1 (high). Other 
nutrients were supplied at constant concentrations. These consisted of CoCl2, 
(NH4)6Mo7O24, Na-EDTA (pH 8), Tris-HCl (pH 7.4), vitamins B1 and B12 (Table 6) which 
excludes them from being tested variables in the current screen configuration. These 
elements, though not a complete set of nutrients at this stage, were considered to be the 
most critical for initial testing of a broad range of species. The low and high concentration 
levels for each of the nutrient elements were set as a two-fold difference from the middle 
concentration (Table 6). The Box-Behnken experimental design allows the observation of 
primary effects and nutrient interaction effects on microalgal growth to be determined and 
presented via response surface analysis [190]. Minitab 15 software (Minitab Inc. USA) was 
used to design the experiment and generated 180 different media formulations 
(experiments).  
 
The three-level second-order response surface model for m factors (x1, …, xm) in n runs is 
described by Equation 6 [231]. 
 
Equation 6:  
y the n x 1 response vector 
n  number of runs (equals number of concentrations tested) 
X n x p model matrix with n 1 x p row vectors  
x = (1, x1, …, xm, x1x2, …, xm-1 xm, x12, …, xm2) 
m number of factors (here 10) 
xm growth rate of factor m 
β p x 1 vector of parameters (to be estimated) 
ε n x 1 vector of errors (with zero mean and covariance matrix Inσ2) 
 
Screen format: A total of 24 species (or 8 species in triplicates) can be analysed in a 
single Screen 1 run and a total of 9 species (or 3 species in triplicates) in 180 conditions 
y = Xβ +ε
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can be analysed in Screen 2. All nutrient elements were prepared as individual stocks. 
Both screens include a triplicate photoheterotrophic/mixotrophic growth condition controls 
in TAP media to compare between runs of the same strain (quality control) as well as to 
photoautotrophic growth conditions. Microalgal growth rates in media containing acetate 
as additional carbon source (TAP controls) are expected to be higher than rates in 
photoautotrophic growth conditions using CO2 as sole carbon source. 
 
2.2.3.3 Growth rate determination 
Assuming that the specific growth rate µ (h-1) represents the average growth rate of all 
cells present in the culture, it defines the fraction of increase in biomass over a unit of time 
and is proportional to the biomass of the cells during exponential growth phase (Equation 
7). OD750 was used as the basis for maximum specific growth rates µmax determination of 
each condition. These rates were used to compare different conditions within the nutrient 
screens for each algae strain. In general, batch culture growth phases can be divided into 
lag, exponential, linear and stationary phase with µmax occurring in exponential phase. 
 
Equation 7: µ = (ln OD750(t2) – ln OD750(t1)) / (t2-t1) 
µ = specific growth rate 
OD750(1) = OD750  at time 1 
OD750(2) = OD750 at time 2 
t1 = time 1 (hour) 
t2 = time 2 (hour) 
 
High-throughput data processing requires a form of curve fitting that appropriately 
compensates for irregularities, such as circadian rhythm or scattering effects, to ensure a 
high comparability of different growth conditions (Equation 8). Under optimal growth 
conditions, the microalgae growth curve from lag phase to stationary phase can be usefully 
described by a sigmoidal curve. Non-linear regression was used to normalise (curve fit) the 
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recorded three-hour OD750 data points to a simple sigmoidal model (Variable Sigmoidal 
Curve fit (Graph Pad Prism, Graph Pad Prism Inc. USA)) (Equation 8). The sigmoidal 
curve fit approach was selected because it describes the usual physiological behaviour of 
the system where reasonable growth occurs. In non-ideal growth conditions where specific 
growth rates are low a sigmoidal fit cannot be achieved (e.g. linear growth with no 
plateau). Strong circadian rhythms in some algae can also interfere with curve fitting 
(Figure 6). Under these conditions the growth rates were excluded from the screen. 
 
Equation 8: Y = kto + (ktn –kto)/(1+ 10 (log t½–t) * Hill slope ) 
Y = normalised OD750 data point,  
kto = raw OD750 at time 0,  
ktn = raw OD750 at time n,  
log t½ = log10 of time when the OD750 is between to and tn,  
Hill slope = the steepness of the curve at t½.  
 
Specific growth rates were then determined using sigmoidal fitted three-hour OD750 data 
points and calculating the slope of two consecutive data points (Equation 7). The highest 
slope value represents µmax of a condition. Good growth conditions were selected by 
comparing all µmax values for each strain.  
 
The quality of the fit was assessed using R-square (where a value more than 0.85 was 
chosen to indicate good quality) and Absolute sum of squares (value less than 0.1 was 
chosen to indicate good quality) (Figure 6). A data cut-off limit based on the R-Square 
(R2) value of the normalised growth plots was applied. This was designed to screen and 
remove fitted growth curves with R2 smaller than 0.85. Growth curves that can be fitted 
accurately to the regression model have smaller Sum of Square Regression (SSreg) than 
Sum of Square Total (SStot). The curve fitting process first generates a number of possible 
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curve fits to the raw data and then identifies the model yielding the highest R2 and the 
least sum-of square. In the situation in which only limited data can be fitted or the chosen 
model is too complicated, the Not Converged or Ambiguous remarks respectively are 
generated by the Graph Pad Prism software [232]. 
 
Although the screen was validated through triplicate runs, each screen is designed to be 
conducted without replicates to broaden the screen by maximising the number of 
conditions and algae strains assayed per run. The screen is not intended to be highly 
analytically precise, but to identify optimal regions of nutrient search space which can be 
analysed more precisely using conventional assays, while excluding the vast majority of 
conditions. Validation of well-to-well (repeatability test) and run-to-run reliability 
(reproducibility test) indicated excellent internal data consistency between replicate 
experiments (see Figure 13, Figure 14, Figure 15), in particular for high growth rate 
samples. 
 
2.2.3.4 Statistical analysis on microalgal growth rate using a Response 
Surface Method (RSM) 
The Main and Interaction Effects analyses (Response Surface Method (RSM)) were used 
to identify specific effects and statistical interactions between the nutrients as well as to 
determine the significance of nutrients that can improve microalgal growth.  
 
Main and Interaction Effects analysis 
The Main Effects analysis identifies the statistical significance of individual nutrients on 
the microalgae growth rate (Figure 8). The Interaction Effects analysis determines 
significant statistical interactions between multiple nutrient factors and their effects on 
microalgal growth rate. When the Main and Interaction Effects exhibited significance (p ≤ 
0.05), the nutrient factor involved in these cases should be fine-tuned for growth 
performance improvement. The analysis is based on the average value of the growth rate 
of specific nutrient concentration level (-1, 0 and 1) in the changing background of 180 
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experiments conducted within the Box-Behnken matrix. In principle, important 
conditions will significantly influence the relative growth rates within these changing 
backgrounds. 
 
The Interaction Effects analysis determines the synergistic or antagonistic effects of two 
nutrient elements on microalgal growth rates. Nutrient elements that exhibited statistical 
significant interaction effects could be subsequently evaluated or optimised on a rational 
basis to increase the microalgae growth rate. The analysis was based on the average value 
of the growth rate of specific nutrient concentration levels (-1, 0 and 1) from 180 
experiments (Table 10). 
 
2.2.3.5 Algae strains and culture conditions 
The microalgae strains Micractinium inermum (18-1), Ankistrodesmus gracilis  (18-2), 
Rhombocystis complanata (SF-150), Chlorella sorokiniana (21), Monoraphidium 
convolutum (9-FW), Chlorella pyrenoidosa (22), Micractinium reisseri (13), Podohedriella 
falcate (4A-1) were isolated in the vicinity of Brisbane, Queensland, Australia. 
Identification consisted of morphological investigation (Olympus BX42 and Nikon Ti-U, 
200x and 400x magnification) and molecular classification by rDNA analysis (see Figure 
10, Table 7). The amplification of 18S rDNA and its sequencing was outsourced to the 
Australian Genome Research Facility (AGRF). Sequences were aligned using nucleotide 
BLAST (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the ‘nucleotide collection 
(nr/nt)’ database.  
 
Microalgae cells from agar plates (TAP + 0.3% yeast extract + 1.5% agar) grown at 23 ºC 
in 50 µmol photons m-2 s-1 were used to build up inoculation cultures grown in 150 mL 
flasks with Tris-acetate-phosphate (TAP) medium [219] (23ºC, 120 µmol photons m-2 s-1) 
on an orbital shaker (~120 rpm). Algae strains that did not tolerate acetate were grown in 
Tris Phosphate (TP) media only. Algal strains originating from brackish water were 
supplemented with 250 mM NaCl. Cell densities were determined using optical density 
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measurements at 750 nm (OD750) using a microwell plate reader (Infinite M200 PRO, 
Tecan Group Ltd, Switzerland). Algal cells during log-phase growth were collected by 
centrifugation (500g, 10 minutes, 25 ºC using Hettich Zentrifugen Universal 320R, Hettich 
Instrument Inc, USA), and washed once before resuspending in 100 mM TRIS buffer (pH 
7.4). The cells were inoculated into sterile 96-well plates, each well having an individual 
media composition using a starting OD750 of 0.1 using the microwell plate reader. All algae 
strains were grown in 150 µL in 96-well plates (5 mm culture depth) on an orbital shaker 
(580 rpm) under continuous light using top illumination (120 µmol photons m-2 s-1) at 23 
± 0.5 ºC and 1% CO2 atmosphere (± 0.3% CO2). 
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2.3  Additional material 
Microalgae identification 
Microalgal identification was based on molecular (Table 7) and morphological (Figure 10) 
classification by rDNA analysis. 
 
Table 7: Molecular classification of the above algae was based on rDNA analysis. 18S ribosomal 
DNA analysis was performed. The amplification of 18S rDNA and its sequencing was outsourced to the 
Australian Genome Research Facility (AGRF). Sequences were aligned using nucleotide BLAST NCBI, 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the ‘nucleotide collection (nr/nt)’ database. 
Strain rDNA Sequence  
Micractinium 
inermum  
(18-1) 
TAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTAT
TTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTG
CCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAAC
CCTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATC
GAAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACAAGGCCA
TGCGATTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGT
CGGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCAC
GTATTAGCTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAAT
AAACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGT
TTATACTTAGACATGCAGGCTAATCT 
Ankistrodesmus 
gracilis   
(18-2) 
TTAGATTGTACTCATTCCATTACCAGACATTGAATGCCCGGTATTGTTATT
TATTGTCACTACCTCCCCGTATCAGGATTGGGTAATTTGCGCGCCTGCTGC
CTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACC
CTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCG
AAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCAGCACAAGGCTAT
GCGATTCGTGAAGTTATCATGATTCACCGCGGGTCGGGCAGAGCCCGGTC
GGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTGCGCACG
TATTAGCTCTAGAATTACTACGGTTATCCGTGTAGAGGTACCATCAAATAA
ACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAGCAGTTTA
TACTTAGACATGCATGGCTTAATCTT 
Rhombocystis 
complanata  
(SF-150) 
TAGATTGTACTCATTCCAATTACCAGACATTGAATGCCCGGTATTGTTATT
TATTGTCACTACCTCCCCCGTTATCAGGATTGGGTAATTTGCGCGCCTGCT
GCCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAA
CCCTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCAT
CGAAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCAGCACGAGGCT
ATGCGATTCGTGAAGTTATCATGATTCACCGCGGGTCGGGCAGAGCCCGG
TCGGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCA
CGTATTAGCTCTAGAATTACTACGGTTATCCGTGTAGAGGTACCATCAAAT
AAACTATAACTGATTTAATGAGCCCATTCGCAGTTTCACAGTATAAGCAGT
TTATACTTAGACATGCATGCGTAATCT 
Chlorella 
sorokiniana  
TTAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTA
TTTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCT
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(21) GCCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAA
CCCTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCAT
CGAAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCGCAAGGCC
ATGCGATTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGG
TCGGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCA
CGTATTAGCTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAA
TAAACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAG
TTTATACTTAGACATGCATGCTAATCTT 
Monoraphidium 
convolutum  
(9-FW) 
TTAGATTGTACTCATTCCAATTACCAGACATTGAATGCCCGGTATTGTTAT
TTATTGTCACTACCTCCCCGTATCAGGATTGGGTAATTTGCGCGCCTGCTG
CCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAAC
CCTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATC
GAAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCAGCACGAGGCTA
TGCGATTCGTGAAGTTATCATGATTCACCGCGGGTCGGGCAGAGCCCGGT
CGGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCAC
GTATTAGCTCTAGAATTACTACGGTTATCCGTGTAGAGGTACCATCAAATA
AACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAGCAGTTT
ATACTTAGACATGCATGGCTTAATCT 
Chlorella 
pyrenoidosa  
(22) 
GGTTTAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTG
TTATTTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCT
GCTGCCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATC
GAACCCTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTAC
CATCGAAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACAAG
GCCATGCGATTCGTGAAGTTATCATGATTCACCACGAGTCGGGCAGAGCC
CGGTCGGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTAC
GCACGTATTAGCTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATC
AAATAAACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAG
CAGTTTATACTTAGACATGCATGCTTAATCTT 
Micractinium 
reisseri  
(13) 
TAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTAT
TTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTG
CCTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAAC
CCTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATC
GAAAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACAAGGCCA
TGCGATTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGT
CGGCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCAC
GTATTAGCTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAAT
AAACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGT
TTATACTTAGACATGCAGGCTAATCT 
Podohedriella 
falcate  
(4A-1) 
AGATTGTACTCATTCCATTACCAGACACTAAGTGCCCGGTATTGTTATTTA
TTGTCACTACCTCCCCGTATCAGGATTGGGTAATTTGCGCGCCTGCTGCCT
TCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCT
AATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAA
AGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACTAGGCCATGC
GATTCGTGAGAGTTATCATGATTCACCGCGGGTCGAGCAAAGCTCGGTCG
GCCTTTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCATGT
ATTAGCTCTAGAATTACTACGGTTATCCATGTAGTAGGTACCATCAAATAA
ACTATAACTGATTTAATGAGCCATTCGCAGTTTCACAGTATATCAGTTTAT
ACTTAGACATGCATGGCTTAATCT 
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Figure 10: Microscopic images of the microalgae strains screened. (a) M. inermum, (b) A. gracilis, 
(c) R. complanata, (d) C. sorokiniana, (e) M. convolutum, (f) C. pyrenoidosa, (g) M. reisseri and (h) P. 
falcate. Scale bar: 50 µm. Microalgal identification consisted of morphological investigation (Olympus BX42 
and Nikon Ti-U, 200x and 400x magnification). 
 
 
Figure 11: Optimisation of gamma irradiation levels for nutrient media sterilisation. The gamma 
irradiation levels were tested in terms of their ability to sterilise LB medium inoculated with E.coli 
(inoculation density (OD600 = 0.002. The samples were treated with 0.1, 0.5 0.8, 1, 2, 3 and 4.5 kGy, with 
non-gamma treated samples providing the positive control and LB media the negative control. Post-gamma 
irradiation, the flasks were incubated at 37oC for 8 days. The final OD600 were plotted and show that a dose 
of 2 kGy was sufficient to sterilise the inoculated medium. 
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Figure 12: Effect of gamma irradiation on vitamin B1 and B12 stability. The UV-visible spectra of 
vitamin B1 and vitamin B12 before (0kGy) and after (2kGy) gamma sterilization show significant spectral 
shifts indicative of radiation-induced damage. Consequently these vitamins could not be gamma sterilised 
effectively and so were filter sterilised prior to addition to gamma sterilised cultivation media (See materials 
and methods). 
 
 
Table 8: T-test analysis shows that gamma sterilisation (2 kGy) does not have a significant effect on the 
ability of nutrient screen 1 media to support Chlamydomonas reinhardtii growth. 
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Table 9: Average macronutrient concentrations used in common media (see materials and 
methods). 
 
*1 [219], *2 [220], *3 [221], *4 [222], *5 [223], *6 [224], *7 [225], *8 [226], *9 [227] 
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Table 10: Individual Screen 2 media conditions. Nutrient levels are coded as -1, 0 or 1, where 0 
indicates the average value identified in Table 3, and -1 and +1 indicate the lower and higher concentrations 
tested for a given element (see materials and methods). CP indicates the centre point value (i.e. "0" settings 
for all ten nutrients varied in screen 2). 20 replicates of the centre point conditions were included in Screen 2 
to provide a robust internal standard control. The centre point value corresponds to the basal nutrient 
concentration obtained from Screen 1). 
 
 
Column1 1 2 3 4 5 6 7 8 9 10
Media No Ca Mg B Fe Cu Mn Zn Se V Si
1 0 0 1 0 1 0 -1 0 -1 0
2 0 -1 -1 0 0 0 1 1 0 0
3 -1 0 0 0 0 0 0 -1 -1 -1
4 0 0 1 -1 -1 0 0 0 0 -1
5 1 0 -1 0 0 -1 0 0 1 0
6 -1 0 0 -1 0 0 1 1 0 0
7 0 -1 0 -1 0 1 0 0 -1 0
8 0 -1 0 0 0 1 -1 0 0 1
9 0 -1 0 0 0 -1 1 0 0 -1
10 1 1 0 0 1 0 0 0 0 1
11 1 0 0 1 0 0 1 -1 0 0
12 0 0 0 -1 -1 -1 0 1 0 0
13 0 0 0 1 -1 -1 0 -1 0 0
14 0 0 0 1 1 -1 0 1 0 0
15 CP 0 0 0 0 0 0 0 0 0 0
16 -1 0 -1 0 0 -1 0 0 1 0
17 0 -1 1 0 0 0 -1 -1 0 0
18 0 1 1 0 0 0 1 1 0 0
19 0 0 0 1 1 -1 0 -1 0 0
20 -1 0 0 1 0 0 1 -1 0 0
21 0 0 -1 0 1 0 -1 0 -1 0
22 0 -1 0 0 0 1 -1 0 0 -1
23 0 0 -1 0 1 0 1 0 -1 0
24 -1 0 0 1 0 0 -1 -1 0 0
25 0 0 1 0 -1 0 -1 0 1 0
26 -1 0 0 0 0 0 0 -1 -1 1
27 0 0 1 0 1 0 1 0 1 0
28 0 0 -1 1 -1 0 0 0 0 -1
29 0 1 0 1 0 1 0 0 1 0
30 0 0 1 -1 -1 0 0 0 0 1
31 0 0 1 -1 1 0 0 0 0 -1
32 -1 -1 0 0 1 0 0 0 0 -1
33 -1 0 0 0 0 0 0 -1 1 1
34 0 -1 1 0 0 0 1 -1 0 0
35 0 -1 -1 0 0 0 -1 1 0 0
36 CP 0 0 0 0 0 0 0 0 0 0
37 0 -1 -1 0 0 0 -1 -1 0 0
38 -1 0 -1 0 0 1 0 0 1 0
39 1 0 0 -1 0 0 -1 -1 0 0
40 0 0 -1 0 -1 0 1 0 -1 0
41 -1 0 -1 0 0 1 0 0 -1 0
42 0 0 -1 1 1 0 0 0 0 -1
43 0 1 -1 0 0 0 1 1 0 0
44 1 0 1 0 0 1 0 0 1 0
45 1 0 0 0 0 0 0 -1 1 -1
46 -1 0 0 -1 0 0 1 -1 0 0
47 0 0 0 -1 1 1 0 1 0 0
48 0 -1 0 1 0 -1 0 0 1 0
49 0 0 1 0 1 0 1 0 -1 0
50 CP 0 0 0 0 0 0 0 0 0 0
51 CP 0 0 0 0 0 0 0 0 0 0
52 -1 1 0 0 -1 0 0 0 0 -1
53 CP 0 0 0 0 0 0 0 0 0 0
54 0 0 -1 0 -1 0 1 0 1 0
55 0 1 0 0 0 -1 1 0 0 1
56 0 1 0 0 0 -1 -1 0 0 1
Column1 1 2 3 4 5 6 7 8 9 10
Media No Ca Mg B Fe Cu Mn Zn Se V Si
57 0 0 -1 -1 1 0 0 0 0 -1
58 0 1 0 -1 0 -1 0 0 -1 0
59 0 1 0 1 0 -1 0 0 -1 0
60 -1 0 0 0 0 0 0 1 -1 1
61 -1 0 0 0 0 0 0 1 1 -1
62 0 -1 0 1 0 1 0 0 1 0
63 0 -1 0 -1 0 1 0 0 1 0
64 0 1 1 0 0 0 1 -1 0 0
65 CP 0 0 0 0 0 0 0 0 0 0
66 0 1 -1 0 0 0 -1 1 0 0
67 -1 1 0 0 1 0 0 0 0 1
68 CP 0 0 0 0 0 0 0 0 0 0
69 1 -1 0 0 -1 0 0 0 0 -1
70 0 0 0 -1 -1 1 0 1 0 0
71 CP 0 0 0 0 0 0 0 0 0 0
72 1 0 0 -1 0 0 -1 1 0 0
73 0 0 1 0 -1 0 1 0 -1 0
74 CP 0 0 0 0 0 0 0 0 0 0
75 1 0 0 0 0 0 0 -1 -1 -1
76 0 0 1 1 -1 0 0 0 0 -1
77 0 -1 0 0 0 -1 -1 0 0 -1
78 -1 0 0 1 0 0 1 1 0 0
79 1 0 0 1 0 0 1 1 0 0
80 0 0 0 1 -1 -1 0 1 0 0
81 1 1 0 0 -1 0 0 0 0 1
82 0 0 0 -1 -1 1 0 -1 0 0
83 0 1 0 1 0 1 0 0 -1 0
84 0 -1 1 0 0 0 1 1 0 0
85 CP 0 0 0 0 0 0 0 0 0 0
86 0 0 0 -1 1 -1 0 -1 0 0
87 -1 0 0 0 0 0 0 -1 1 -1
88 1 0 0 0 0 0 0 1 1 1
89 1 -1 0 0 1 0 0 0 0 -1
90 1 0 0 0 0 0 0 1 -1 1
91 0 0 0 1 -1 1 0 -1 0 0
92 0 1 0 0 0 -1 -1 0 0 -1
93 0 1 -1 0 0 0 -1 -1 0 0
94 -1 0 1 0 0 -1 0 0 -1 0
95 0 1 0 -1 0 1 0 0 -1 0
96 1 0 1 0 0 -1 0 0 -1 0
97 0 -1 0 0 0 1 1 0 0 -1
98 -1 -1 0 0 -1 0 0 0 0 1
99 0 0 1 1 1 0 0 0 0 -1
100 -1 0 -1 0 0 -1 0 0 -1 0
101 0 1 1 0 0 0 -1 1 0 0
102 1 0 0 -1 0 0 1 -1 0 0
103 0 1 0 0 0 1 -1 0 0 1
104 0 0 -1 0 -1 0 -1 0 1 0
105 1 0 0 0 0 0 0 -1 1 1
106 1 0 0 1 0 0 -1 1 0 0
107 CP 0 0 0 0 0 0 0 0 0 0
108 0 0 -1 0 -1 0 -1 0 -1 0
109 -1 -1 0 0 1 0 0 0 0 1
110 0 -1 -1 0 0 0 1 -1 0 0
111 1 0 -1 0 0 1 0 0 1 0
112 1 0 0 0 0 0 0 1 1 -1
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Column1 1 2 3 4 5 6 7 8 9 10
Media No Ca Mg B Fe Cu Mn Zn Se V Si
113 1 1 0 0 -1 0 0 0 0 -1
114 1 0 0 1 0 0 -1 -1 0 0
115 -1 0 0 1 0 0 -1 1 0 0
116 -1 0 1 0 0 -1 0 0 1 0
117 -1 0 1 0 0 1 0 0 1 0
118 0 1 0 -1 0 1 0 0 1 0
119 0 0 -1 -1 1 0 0 0 0 1
120 0 1 0 0 0 1 1 0 0 -1
121 0 0 0 1 1 1 0 -1 0 0
122 0 0 0 -1 1 -1 0 1 0 0
123 CP 0 0 0 0 0 0 0 0 0 0
124 -1 0 1 0 0 1 0 0 -1 0
125 0 -1 1 0 0 0 -1 1 0 0
126 1 0 0 0 0 0 0 1 -1 -1
127 0 0 -1 0 1 0 -1 0 1 0
128 0 0 -1 0 1 0 1 0 1 0
129 CP 0 0 0 0 0 0 0 0 0 0
130 0 0 0 -1 1 1 0 -1 0 0
131 1 -1 0 0 -1 0 0 0 0 1
132 0 0 1 0 -1 0 1 0 1 0
133 0 0 0 1 1 1 0 1 0 0
134 1 0 1 0 0 -1 0 0 1 0
135 -1 0 0 0 0 0 0 1 -1 -1
136 -1 1 0 0 -1 0 0 0 0 1
137 CP 0 0 0 0 0 0 0 0 0 0
138 0 -1 0 0 0 1 1 0 0 1
139 CP 0 0 0 0 0 0 0 0 0 0
140 1 0 0 -1 0 0 1 1 0 0
141 0 -1 0 1 0 1 0 0 -1 0
142 1 0 1 0 0 1 0 0 -1 0
143 0 1 1 0 0 0 -1 -1 0 0
144 0 -1 0 0 0 -1 1 0 0 1
145 1 -1 0 0 1 0 0 0 0 1
146 -1 1 0 0 1 0 0 0 0 -1
147 0 0 1 0 1 0 -1 0 1 0
148 0 1 0 1 0 -1 0 0 1 0
149 CP 0 0 0 0 0 0 0 0 0 0
150 0 0 1 1 1 0 0 0 0 1
151 -1 -1 0 0 -1 0 0 0 0 -1
152 -1 0 0 -1 0 0 -1 1 0 0
153 0 0 0 1 -1 1 0 1 0 0
154 CP 0 0 0 0 0 0 0 0 0 0
155 1 1 0 0 1 0 0 0 0 -1
156 CP 0 0 0 0 0 0 0 0 0 0
157 0 1 0 0 0 1 -1 0 0 -1
158 0 0 1 -1 1 0 0 0 0 1
159 0 -1 0 1 0 -1 0 0 -1 0
160 0 0 -1 -1 -1 0 0 0 0 -1
161 0 0 0 -1 -1 -1 0 -1 0 0
162 0 -1 0 -1 0 -1 0 0 1 0
163 0 -1 0 -1 0 -1 0 0 -1 0
164 0 0 -1 -1 -1 0 0 0 0 1
165 0 0 -1 1 -1 0 0 0 0 1
166 -1 0 0 -1 0 0 -1 -1 0 0
167 0 1 0 0 0 -1 1 0 0 -1
168 0 1 0 0 0 1 1 0 0 1
Column1 1 2 3 4 5 6 7 8 9 10
Media No Ca Mg B Fe Cu Mn Zn Se V Si
169 0 0 1 0 -1 0 -1 0 -1 0
170 -1 0 0 0 0 0 0 1 1 1
171 0 -1 0 0 0 -1 -1 0 0 1
172 1 0 0 0 0 0 0 -1 -1 1
173 CP 0 0 0 0 0 0 0 0 0 0
174 0 1 0 -1 0 -1 0 0 1 0
175 0 0 1 1 -1 0 0 0 0 1
176 0 0 -1 1 1 0 0 0 0 1
177 1 0 -1 0 0 1 0 0 -1 0
178 1 0 -1 0 0 -1 0 0 -1 0
179 0 1 -1 0 0 0 1 -1 0 0
180 CP 0 0 0 0 0 0 0 0 0 0
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Notes on statistical variability 
Maximising the breadth of the multidimensional screening space is central to the screen 
design. For routine analysis it is therefore designed to operate using single trial wells as 
opposed to duplicates or triplicates, with the 20 CP controls providing a robust internal 
control for inherent variability and the estimation of error ranges. Statistical 
reproducibility however requires evaluation of operational errors both in terms of well-to-
well variability (repeatability test) and run-to-run variability (reproducibility test).   
 
The statistical evaluation of these errors was conducted using eight microalgae strains for 
Screen 1 and three microalgae strains for Screen 2. Each species/trial combination was 
analysed in triplicate. Well-to-well repeatability was evaluated using the triplicate values 
of the highest growth rate values obtained for a given algae strain. Run-to-run 
reproducibility was evaluated using the highest growth rate values obtained for the 
triplicate TAP controls included in Screen 1.  
 
The Multivariate Item Analysis Cronbach’s Alpha value was used to determine the degree 
of internal reliability and consistency of the triplicate data in these repeatability 
evaluations. The Cronbach’s Alpha value was calculated using Equation 9. 
 
Equation 9: 
!!!! [! − !!!!!!!! ] 
 
where Si2= growth rate variance of the ith item, ST2= growth rate variance of the total 
scores, T = the total growth rate scores and k, the number of replicates or items in the 
analysis. 
 
The Omitted Items Cronbach’s Alpha analysis is described in Equation 10, and determines 
the level of correlation of the data between each of the three replicates by removing one of 
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the replicate data points at a time. Replicate data with high correlativity will not show 
a significance difference in the Omitted Items Cronbach’s Alpha value. 
 
Equation 10: 
!!!!!! ! − !!!!!!!!!"!  
 
Si2= growth rate variance of the ith item, ST2= growth rate variance of the total scores, 
STj2= growth rate variance of the total scores calculated after omitting the jth item, T = 
the total growth rate scores and k, the number of replicates or items in the analysis. 
 
Cronbach’s Alpha values lie between 0 and 1 and the classification of the internal 
consistency of the data is as listed below: 
> 0.9:  Excellent internal consistency 
0.8-0.9: Good internal consistency 
0.7-0.8: Acceptable internal consistency 
0.6-0.7: Questionable internal consistency 
0.5-0.6: Poor internal consistency 
< 0.5: Unacceptable internal consistency 
 
The inter-replicate relationship trend and correlativity is graphically shown in the Matrix 
Plots in Figure 13 (Screen 1) and Figure 14 (Screen 2). 
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Figure 13: Cronbach Alpha analysis of Screen 1.2. Each of the 8 strains were subjected to 60 
Screen 1 nutrient conditions in triplicate (replicates = R1, R2 and R3). The individual highest growth rate 
in a specific cultivation media is represented by a red circle.  The x- and y-axes display the highest growth 
rate, µ (h-1) of replicates 1, 2 and 3 and these are plotted in the following combinations: R1 vs. R2; R1 vs. 
R3; R2 vs. R3. In an ideal condition (i.e. all the replicates values are similar), the correlation line is a 
straight line with a slope value 1.0 (a perfect straight line). Data correlation line (blue line), showed positive 
correlation for all of the strains indicating high data consistency. Similar data trends between the replicates 
indicate excellent internal consistency (Cronbach alpha value >0.9). 
  
 
  
82 
Figure 14: Cronbach analysis of Screen 2. Each of the 3 strains were subjected to 180 Screen 2 
nutrient conditions in triplicate (replicates = R1, R2 and R3). The individual highest growth rate in a 
specific cultivation media is represented by a red circle.  The x- and y-axes display the highest growth rate, µ 
(h-1) of replicates 1, 2 and 3 and these are plotted in the following combinations: R1 vs. R2; R1 vs. R3; R2 
vs. R3. Data correlation line (blue line), showed positive correlation for all of the strains indicating high data 
consistency. In an ideal condition (all the replicates values are similar), the correlation line is a straight line 
with a slope value 1.0 (a perfect straight line). Similar data trends between the replicates indicate excellent 
internal consistency (Cronbach alpha value >0.9). 
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Figure 15: Analysis of the run-to-run reproducibility of the highest growth rate values 
obtained in Screen 2. The average highest growth rate for each of the microalgae strains in the TAP 
control medium is represented as a bar chart (data from 9 internal replicates; triplicates of 3 samples). Exp1 
and Exp2 refer to two independent Screen 1 trials. The average highest growth rate values obtained for each 
strain are shown above each corresponding bar chart. SD and Difference (%) denoted in the white boxes at 
the bottom of the bar charts represent the internal standard deviation and the inter-experiment percentage 
difference for each of the specific microalgae strains. The percentage differences ranged between 2.1 and 
16.7%. Based on the average data of all of the strains, the inter-experiment percentage difference 
(reproducibility error was 8.1% ± 6.1 % (mean ± standard deviation). 
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Chapter 3 
3  Microalgae strain selection and media design 
This chapter describes a streamlined way to isolate microalgae from a broad range of water 
bodies, their identification and maintenance techniques. It applies the high-throughput 
growth screen (Chapter 2) to characterise species-specific nutrient preferences to select for 
fast growing microalgae candidates for enhanced biomass production scenarios. 
 
3.1  Microalgae 
From crop to microalgae production: This section describes the characteristics and 
evolutionary background of microalgae, the importance for bio-prospecting approaches as 
well as strategies to increase the photon conversion efficiency through genetic engineering.  
 
Microalgae are photosynthetic organisms (~1-10 µm in diameter) that belong to the group 
of protists, the simplest form of eukaryotic life. Estimated numbers of algal species is as 
high as 350,000 [77, 233]. Of these 350,000 only about 30,000 species are as yet described 
and these are divided into 24 taxonomic classes, with the majority being unicellular. Due 
to the development of new molecular tools and complexities of accounting for lateral 
evolution, these classes are frequently re-arranged. 
 
The Culture Collection of Algae and Protozoa (CCAP) (London, UK) contains over 2,000 
strains. The SAG-culture collection (Goettingen, Germany) contains over 2,400 strains and 
the UTEX culture collection of algae (Texas, USA) includes approximately 3,000 different 
strains, which represent three of the largest culture collections worldwide. Despite the size 
these algae collections they only account for a small fraction of global species diversity 
[127], and are constrained by the high costs of maintenance and that they are not all 
axenic. 
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3.1.1  The origin of microalgae diversity 
The term “microalgae” includes purple bacteria, cyanobacteria and eukaryotes, which 
contain chloroplasts derived from these bacteria. Land plants represent a branch of just 
one microalgal family, the charophytes. Since photosynthesis evolved ~3.5 billion years 
ago, microalgae have evolved enormous taxonomic diversity with representatives in most 
major domains of life [234]. Some marine species are no more closely related to land plants 
than humans are, leading to a fascinating biodiversity. The evolution of photosynthesis 
using light as an energy source and releasing oxygen as a product enabled the development 
of complex life forms with oxygen-based metabolisms and has therefore made aerobic life 
on earth dependent on light. This is because photosynthetic microalgae are at the base of 
the food chain.  
 
Photosynthesis takes place in the chloroplast and appears over a wide range of eukaryotic 
species. Chloroplasts are derived from cyanobacteria, but then diverged from this origin 
through primary, secondary and perhaps tertiary endosymbiotic events [235], during which 
one eukaryote engulfed another (an example of lateral gene transfer) and maintained the 
plastids to enable photoautotrophic growth. Chloroplasts, as well as mitochondria are often 
semi-autonomous from nuclear control as they have their own genome and are capable of 
individual plastid replication. 
 
Microalgae include species derived from different endosymbiotic events. Land plants, red 
and green algae are considered to be the result of primary endosymbiosis, whereas diatoms, 
for example, developed through a secondary endosymbiosis involving different eukaryotic 
heterotrophs [236]. There is also speculation that algae derived by primary endosymbiosis, 
contributed to the mix of nuclear genes in algae derived by secondary or tertiary 
endosymbiosis. It is, however, not clear whether this is a result of another engulfing event 
[237], or a result of horizontal gene transfer [238]. There is evidence that multiple 
secondary endosymbiosis events have given rise to a variety of photosynthetic eukaryotes, 
including cryptophytes, haptophytes, heterokonts, and dinoflagellates [239-243]. Such 
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events resulted in plastids with three or four membranes around them [242]. The large 
variety of genes from different origins, including gains and losses from bacteria have helped 
microalgae to adapt to a broad range of environments.  
 
Microalgae can be found almost anywhere where water and sunlight both occur. This 
includes soils, ice, lakes, rivers, hot springs and the ocean surface. Interestingly, 
contemporary taxa in the oceans are red plastid-derived secondary endosymbionts, whereas 
terrestrial environments are dominated by green plastid-containing organisms [243]. 
Through evolution algae have developed adaptations to a wide range of environments; for 
example, open ocean green algae strains are commonly only a few microns in size having a 
high surface to volume ratio probably due to the permanent exposure to low nutrient 
concentrations. Diatoms, in contrast, often dominate turbulent high-nutrient environments 
such as coastal oceanic regions. Once diatoms experience reduced nutrient concentrations, 
dinoflagellates and prymnesiophytes are often found to dominate.  
 
Having this biodiversity and the adaptations to specific environmental conditions in mind, 
it seems worthwhile to screen the native algae diversity for suitable characteristics that are 
of value for large scale algae cultivation systems. 
 
A set of ~3000 species collected as part of the Aquatic Species Program (ASP) yielded 
about 300 oil-accumulating algae (lipids with up to 60% TAG). These consisted mainly of 
green algae and diatoms many of which were collected in shallow US waters with high salt 
contents. Selection criteria for public collections of oil producing algae included energy 
yield (growth rate × energy content), the ability to produce feedstocks or for the synthesis 
of fuels (diesel, alcohol, methane, hydrogen), tolerance for environmental stress conditions 
(T, pH, salinity), robustness in mass cultivation (highly competitive, predator resistance), 
additional nutrients requirements (vitamins, trace elements), amount of existing cultures 
and availability of compositional data. The available budget for the algae collection and 
maintenance will also constrain collection scope. The utilisation of biodiversity to select 
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native strains for a specific site (bio-discovery) can be followed by the development of 
production strains through selection pressures, breeding, and other biological optimisation, 
e.g. genetic engineering (invention). However, it has been shown that the outdoor 
performance of many algae strains, which proved promising at laboratory scale, were not 
robust under field conditions mainly due to their sensitivity to predators, competing algal 
strains, bacterial contamination or high temperature variation [127]. Therefore, allowing 
natural contamination in the particular environment of interest can be considered as part 
of a successful strain selection approach. The selection of strains that are naturally 
occurring in an area where the algae production facility is located is of importance because 
first, these strains are naturally adapted to local light and weather conditions, and second, 
some countries, such as Australia, have a history of necessarily strict quarantine standards 
(DAFF Biosecurity) and government regulations apply for commercial use of biomass. 
 
3.1.2  Microalgae strain isolation and identification 
The isolation of new microalgal strains will help not only to find fast growing algae strains 
that are able to produce high biomass yields, but in parallel will allow the development of 
a library of microalgal biodiversity to search for traits that can be exploited in other ways. 
A successful isolation often starts with understanding and mimicking the naturally 
occurring environmental conditions or having taxonomic knowledge of a target species. In 
a second step, elimination of contaminants, such as bacteria, fungi or other algae species 
that can outcompete the target species is important. Traditional isolation techniques such 
as agar streaking, serial dilution in liquid or single-cell isolation using micropipettes in 
micromanipulation set-ups are generally labour intensive and time consuming procedures. 
Once the culture is axenic, the final maintenance step requires either continued growth 
and subculture or cryo-preservation. Whole water samples (not concentrated) should 
always be collected in clean non-contaminated containers and kept at stable temperature 
conditions. When sampling poorly characterised environments, or target organisms, which 
are unknown to science, it is wise to use multiple isolation methods. Time is another 
important factor when isolating algae as some species die within an hour of sampling, 
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while others can take days or weeks until they become visibly abundant [244]. The 
technique of enriching cultures can be employed prior to single-cell isolations. In this 
method, nutrients are added to the collected water sample to allow algal growth to occur. 
Common enrichment substances include specific nutrient media, soil extracts or 
macronutrients such as N- or P-sources. Selective culturing is a type of enrichment 
culturing with a special purpose. If the goal is to isolate microalgae that have the ability to 
grow under certain conditions (e.g. high light, high temperature or high CO2), then this 
condition can be applied to the natural water sample to select for species with certain 
tolerances.  
 
In addition to traditional isolation methods, fluorescence activated cell sorting (FACS) can 
be used for high-throughput isolation of strains. Flow cytometry allows the individual 
measurement of physical and chemical characteristics of particles as they pass through a 
light source. The flow sorting process allows the physical separation of individual cells or 
particle of interest from a heterogeneous population. Cells are aspirated from a water 
sample and hydrodynamically focused so that they pass one by one through the light 
source. Scattered light and fluorescence signals are generated, detected and measured at 
that point. These data are then used to select certain characteristics of target cells that are 
desired. As the fluid stream is ejected into the air it breaks up into droplets of defined size 
and frequency. Individual drops can then be independently charged and will carry a 
positive charge, a negative charge, or remain uncharged as they pass through a static 
electrical field created by two charged plates. The charge state of a droplet can then be 
used for sorting purposes (e.g. into a microwell plate).  
 
Taxonomic classification of isolated strains: Higher plants dominate photosynthetic 
life on land and are part of a single evolutionary branch of organisms. In contrast, in water 
(salt and freshwater) photosynthetic organisms include representatives from about 13 
divisions [245] (data vary). Microalgae are diverse in size, form, cellular structure and 
pigmentation. Furthermore, similarity in one or several diagnostic characteristics does not 
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necessarily reflect evolutionary or taxonomic relationships. Just as birds and bats both 
have the ability to fly and so adapted to the same environment (convergent evolution), 
algae have developed from different evolutionary branches to colonise a specific ecological 
niche. Traditional classification is based on shared physical characteristics. However with 
the advent of molecular analysis, which allows the evolutionary origins of algal species to 
be elucidated in much greater detail, these taxonomic relationships are being challenged 
and refined. Furthermore, due to the enormous genetic diversity of phototrophs they are 
collectively difficult to classify with a single set of molecular probes.  
 
Today, the analysis of ribosomal DNA (rDNA) is an approved method for classification of 
species in the universal genealogical tree of life and for identification of closely related 
species. Ribosomal genes evolved very early in evolution, making them useful for the 
molecular study of evolution. In general, rDNA genes can be classified according to their 
RNA products and their subsequent incorporation into the small or large ribosomal 
subunits (SSU and LSU rRNA, respectively). Due to its highly conserved sequences, SSU 
rDNA has historically been chosen as a target for molecular analysis. As in phototrophs 
the genome is distributed among three locations (the chloroplast, the mitochondria and the 
nucleus) different SSU rDNA (16S rDNA and 18S rDNA) genes are present. Cells or 
compartments with prokaryotic ancestry or origin, such as bacteria, chloroplasts and 
mitochondria, carry 16S rDNA whereas the nucleus encodes 18S rDNA (only in 
eukaryotes). Although the SSU rDNA genes are highly conserved because of their integral 
importance in cellular processes, they also contain regions of greater variability that can be 
used to identify divergence at lower taxonomic levels (including species-level 
investigations) [246]. 
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Figure 16: Chloroplast genome (plastome) of the model organism Chlamydomonas reinhardtii 
[247]. The circular plastome (203,828 bp) shows a tetrapartite organisation with two single copy regions and 
two inverted repeats. The two inverted repeats comprise the rDNA operon (encircled). They are located at 
distal sites on the map in an inverted orientation. The rDNA operon (enlarged) encodes the 16S rRNA which 
is incorporated in the small ribosomal unit and 23, 7, 5 and 3S rRNA genes encoding rRNA incorporated in 
the large ribosomal subunit. 
 
Due to the small amount of available algae sequencing data it is not always possible to 
distinguish and classify unknown strains from one another using either 18S or 16S rDNA 
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sequencing data. However, to benefit from publicly available databases molecular 
biology tools such as the DNA amplification using PCR (polymerase chain reaction) are 
required and need to be optimised to produce sequence information of collected algae 
strains. One problem with PCR and sequencing is non-specific amplification due to the 
presence of contaminating DNA or use of poorly designed primers. Amplification of 
contaminants can be avoided by either the use of monoculture samples (axenic) or by 
using primers, which are designed to amplify specifically the target DNA. ‘Universal’ 18S 
rDNA primers can target all eukaryotes (nuclear genome) whereas ‘universal’ 16S rDNA 
primers amplify plastid (Figure 16) and cyanobacterial rDNA. To overcome the frequent 
occurrence of contaminating bacterial sequences, PCR primers targeting 16S rDNA can be 
designed to specifically target the broad diversity of photosynthetic organisms [248]. 
Therefore genomic data from 15 eukaryotic algae plastids, 5 cyanobacteria and 5 aquatic 
non-photosynthetic bacteria were aligned and examined for conserved domains in the genes 
of phototrophs [248] and these could then be used to exclude amplification products of 
contaminating bacterial DNA during PCR reactions. 
 
3.1.3  Solar energy conversion technology - Photosynthesis 
All microalgae strains have in common that they use photosynthesis to convert solar 
energy into chemical energy. Photosynthesis uses the components of the photosynthetic 
apparatus (LHC, PSII, PQ, Cyt b6f, PSI, Fd, ATP synthase, Fd-NADP reductase) to 
operate the electron transport chain in a first stage (light reaction) and the Calvin Benson 
cycle in a second stage (dark reaction) to finally fix CO2 (carboxylation, reduction, 
substrate regeneration) using Rubisco (which functions as a carboxylase and an oxygenase) 
as the initial catalyst. Oxygen and carbon dioxide compete for the same catalytic site in 
Rubisco but only the use of CO2 leads to efficient carbon fixation. Microalgae are able to 
enrich CO2 in aqueous systems enabling high biomass productivities. Absorbed photons 
during the light reaction are converted to ATP and reducing equivalents (NAD(P)H) 
which are then used to produce carbohydrates, lipids and proteins during dark reaction. 
Light-harvesting proteins (pigment-binding protein complexes) play a major role in light 
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capture and dissipation of excess light energy. The process of photosynthesis is 
analogous to a photovoltaic cell (light reactions) coupled to an electrochemical cell (dark 
reactions), which together use photons to drive fuel synthesis.  
 
Overall process:  
 
 
3.1.4 Strategies to optimise the photon conversion efficiency through 
genetic engineering to increase biomass productivity 
Improving solar energy capture and storage as chemical energy is of particular importance 
as light drives the first step of all biofuel and bio-product production processes, [122].  
 
The general organisation of the photosynthetic apparatus of microalgae and plants is 
highly conserved, but there are significant differences in membrane topology as well as in 
polypeptide and pigment composition between different microalgal species [249] as well as 
more broadly with higher plants. The complex processes of photosynthesis are summarised 
to highlight potential genetic optimisation targets. 
 
Light reactions: Oxygenic photosynthesis, responsible for the conversion of sunlight into 
chemical energy, is driven by the four membrane-protein complexes PSI, PSII, cytochrome 
b6f (Cyt b6f) and F-ATPase. The two reaction centres of PSI and PSII are connected to 
specific antennae proteins and are linked in series through the electron transport chain. 
PSII is defined as a water-plastoquinone oxidoreductase, the cytochrome b6f complex as a 
plastoquinone-plastocyanin oxidoreductase and PSI is defined as plastocyanin-ferredoxin 
oxidoreductase. PSII oxidises water to O2 and 4 protons and 4 electrons. The protons are 
shuttled through the plasto-quinone pool and the cytochrome b6f complex to the thylakoid 
lumen to drive ATP production. The Cytochrome b6f complex mediates electron transport 
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between PSII and PSI and enables the generated H+ gradient to be used for ATP 
formation [250]. PSI transfers electrons from plastocyanin to ferredoxin. The reduced 
ferredoxin is subsequently used in many regulatory cycles as e.g. nitrate assimilation, fatty 
acid desaturation and NADPH production [250]. During this linear electron flow energy 
(ATP) and reducing equivalents (NADPH) are produced. In cyclic electron flow (CEF) 
electrons cycle around PSI and cytochrome b6f complex [250] and generate a thylakoid 
trans-membrane proton gradient that is involved in the establishment of non-
photochemical quenching (NPQ) [251]. The protons transported to the lumen by CEF are 
used for ATP synthesis and so help indirectly to protect the PSII from photoinhibition. 
The CEF is regulated by state transitions [252] and enables the cells requirement for ATP 
and NADPH to be balanced, depending on need. The state transition process is a 
mechanism that redistributes excitation energy between the two photosystems by the 
redistribution of light harvesting complexes (LHC) between photosystems I and II 
depending on light conditions and thereby is believed to be able to protect against 
photodamage. The highest efficiency of ATP and NADPH generation is achieved under 
low NPQ/linear electron transport conditions. A targeted approach could be to reduce 
NPQ and less cyclic electron flow.  
 
State transitions have only been found in plants and fresh water algae and therefore 
presumably evolved in the last common ancestor of these groups. Mechanisms in other 
algae clades are unknown and their exploration might give rise to new ideas to improve 
light uptake or transfer during photosynthesis. In marine diatoms state transitions have 
not been found, which might be due to LHC proteins not being able to bind specifically to 
either PSII or PSI [253].  
 
Although photosynthetic organisms rely on light as their energy source to accumulate 
biomass, more light energy is often received than can be used by the cell. Excess light can 
cause damage through the formation of reactive oxygen species (ROS), a byproduct of 
photosynthesis [254], and leads to decreased photosynthetic efficiencies or even pigment 
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bleaching (photo bleaching) and cell death. To dissipate excess light energy that has 
already been absorbed, algae and plants have developed protective photochemical and non-
photochemical quenching processes (qP and NPQ) that quench singlet-excited chlorophylls 
(Chl) and emit the energy as heat (NPQ) or into photosynthetic reactions (qP) [255]. NPQ 
is divided into energy-dependent quenching (qE), state-transition quenching (qT) and 
photoinhibitory quenching (qI) according to their relaxation kinetics [255].  
 
The amount of light captured per photosystem can be regulated by the cell through the up 
and down regulation of their antenna systems. Upon down regulation, the resulting 
phenotype appears light green due to a reduced chlorophyll content per cell. This 
phenotype can be beneficial for high-density microalgae production processes because 
photons can penetrate deeper into the algae culture to reduce light limitation in the darker 
zones of a culture. This is because cells on the surface area of a cultivation system ideally 
only take up the amount of light they need (or less) instead of dissipating surplus energy 
through NPQ. The engineering of algal strains with a generally lower amount of LHCs to 
minimise energy loss is an approach to be targeted through genetic optimisation [216, 256-
258]. Furthermore, fine-tuning of the PS reaction centres towards specific environmental 
conditions could lead to productivity gains (e.g. the D1 protein subunit of PSII has been 
reported to naturally occur in isoforms specialised for exposure to low or high light 
conditions [259]). 
 
The antenna of each photosystem has individual pigment compositions that define 
different light absorption properties [260]. Theoretically, the wavelength range of 
photosynthetic active radiation (PAR) could be expanded by incorporating chlorophyll 
types from other organisms enabling the engineered microalgae to exploit wavelengths in 
addition to their natural setup [261-265] (e.g. Chlorophyll D).  
 
Dark reaction: The dark reaction takes place in the stroma and accounts for the primary 
production of biomass (leading to fuels). The Calvin-Benson cycle (CBC) synthesises one 
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molecule of triose glyceraldehyde 3-phosphate (G3P) from 3 molecules CO2 using 12 
reducing equivalents (electrons) and 9 ATP equivalents. The first step of the cycle is 
catalysed by the key carboxylating enzyme Rubisco binding CO2 to the pentose ribulose 
1,5-biphosphate (RuBP) (reductive carboxylation). Under high light conditions this is the 
major limiting step for photosynthesis. Increasing the available atmospheric or dissolved 
CO2 concentrations can increase the rate of CO2 fixation and is one reason why algae 
cultures enriched in CO2 exhibit high productivities. Improving the Rubisco activity or a 
substitution (or additional implementation) of Rubisco from other biological sources [266] 
as well as enhancing carbon concentrating mechanisms (CCMs) or other metabolic 
enzymes are reported strategies to optimise photosynthesis. The CCMs limit 
photorespiration being linked to the oxygenase activity of Rubisco to enable optimal 
photosynthesis efficiency [267]. 
 
The second stage comprises several enzymatic activities from the Embden-Mayerhof-
Parnas pathway and the non-oxidative pentosephosphate pathway, with the key enzyme 
phophoribulokinase. G3P is the precursor to form glucose, the precursor of any biomass. 
Glucose can then be processed into starch, cellulose, fructose, fatty acids and glycerol. A 
wide range of chloroplastic thioredoxins (TRXs) has been found to regulate CBC enzymes 
species-specific through a complex redox control being more sophisticated than light-
dependent regulation initially uncovered [268]. That fine-tuning is an important response 
to environmental changes that effect reactive oxygen species (ROS) formation and the 
intracellular redox state [268]. 
 
3.1.5  Genomics and molecular biology for microalgae 
Strain development through the use of molecular biology has greater flexibility than 
conventional breeding and strain development techniques. This may translate to increases 
in overall productivity and greater reduced carbon density and so is of importance for 
advancing this production strategy.  Knowledge of algal genetics is not yet as sophisticated 
as other model systems. The ability to engineer algal biology is correspondingly limited at 
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present, but is growing rapidly. In Appendix B [122] the ongoing development of 
molecular research for greater understanding of microalgae systems is discussed and it 
includes a table of microalgae species with available genome information in public 
databases to date. Targets other than the increase of the net photosynthetic productivity 
(chapter 1.3.4) that have been described in literature and include increased nutrient 
assimilation capacity, modified bulk energy and carbon flows toward a certain product 
(e.g. lipids), implementation of crop protection mechanisms (e.g. resistance to predators, 
pathogens etc.), enhancement of the ability to harvest and process algal biomass, and 
improve economic viability through the production of high value products (e.g. 
recombinant medical or industrial used proteins). Advancements in the field of molecular 
biology of microalgae will not only contribute to develop techniques of genetic 
manipulation which offers a powerful tool for fine-tuning microalgal biofuel production, 
but will also facilitate strain identification (chapter 1.3.2). 
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3.2 Microalgae resources – Isolation and identification of 
Australian native microalgae species  
This chapter describes a streamlined methodology to isolate microalgae from a broad range 
of water bodies, their identification and maintenance techniques. The high-throughput 
growth screen (chapter 2.2) is then applied to characterise species-specific nutrient 
preferences and select for fast growing microalgae candidates for enhanced biomass 
production scenarios.  
 
The aim of this work was to identify suitable native Australian algae strains that can be 
used as production strains for effective biomass and oil production. Domestic, freshly 
isolated strains are free from intellectual property (IP) rights and national quarantine 
restrictions and in some cases may be more robust under outdoor conditions when 
compared to algal strains that have been maintained on storage media in culture 
collections for prolonged periods. Therefore a set of local water samples were collected from 
which native microalgal species were isolated and identified using molecular and 
physiological methods. 
 
The isolation of pure microalgae strains from a complex mixture (e.g. from natural water 
samples) requires their separation not only from one another but also from contaminating 
bacteria, viruses and fungi. Once an alga has been purified, a suitable growth medium 
must be used for storage on agar plates. Long-term storage using cryo-preservation 
maintains the original wild-type phenotype, which can easily be lost with continuous 
subculture under laboratory conditions. 
 
3.2.1  Water sample collection and processing 
Water samples from 54 different locations were collected and 150 strains were isolated, 
with an aim of achieving 100 axenic cultures, using fluorescence activated cell sorting 
(FACS), micromanipulation and enrichment setups. Internal codes were used to name each 
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isolate, to detail its sampling sites and isolation procedures (e.g. isolate 1_C4 originates 
from sampling site 1 and was picked from well C4 of a microwell plate) and to avoid 
premature appellation of a genus or species name. All strains have been catalogued in a 
database including strain accession number, algae image, morphological and molecular 
classification, maintenance media, water source, cryopreservation success, nutrient 
screening, optimal media, maximum specific growth rate (μmax), autotrophy/heterotrophy 
(chapter 3.3) to give a performance snapshot of each strain (see Appendix C). The 
database requires ongoing revision as additional data becomes available during 
experimental runs; for example future work will provide data concerning oil content/profile 
and HVP accumulation, which are added progressively. 
 
All strain isolation procedures begin with sampling from a variety of habitats, which can 
be fresh or salt-water sources. The water samples for the first 50 isolates were taken from 
different nurseries in the Brisbane area and a rainforest (Lamington National Park, 
Australia) about 100 km south of Brisbane, Australia (see Figure 17). Nine fresh and salt 
water samples were collected from the Townsville area (North Queensland) and 10 
freshwater samples from the Newell and Sturt highway (South Australia, New South 
Wales, south west Queensland) (Figure 18). 
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Figure 17: Water sampling sites in the Brisbane area. 1-2) Strathpine, rain water tank and tap 
water. 3-4) North lakes, fresh water lake. 5-7) Antz Plantz Nursery, fresh water. 8-10) Blue Sky Nursery, 
fresh water. 11) Logan’s Nursery, fresh water. (Google Earth (Version 5) Software. Google Inc. (2012)) 
 
Water samples 1-12 were supplemented with conventional NPK plant fertiliser (Incitec 
Liquifert Diamond N 24.6 P 4.0 K 18.2 + Mg & trace) to boost algae growth (0.5 g 
fertiliser/ 50 mL water sample) (Figure 19) and continuous light (~200 µmol photons m-2 
s-1). This fertiliser was used because it was a potentially cheap nutrient source for algae in 
future large-scale cultivations. Some samples (3 and 4) were exposed to continuous high 
light conditions (~850 µmol photons m-2 s-1) to select for high light resistant strains. 
However, the approach did not result in successful strain isolation.  
 
  
100 
 
Figure 18: Water sampling sites from the Newell and Sturt highway (South Australia, 
Queensland). A) Waikerie, Murray River. B) Eusten, Murray River. C) Lake Bananee. D) Yanga, Creek. 
E) Hay, Murrumbidgee River Overflow and Murrumbidgee River. F) 37 km west of West Wyalong, 
waterhole. G) 68 km south west of Forbes, Bland Creek. H) 25 km southwest of Forbes, Caragatel Flood 
Channel. I) 5 km north of Goondiwindi, Brigalow Creek. (Google Maps 2012 [Software]. Google Inc. (2012)) 
 
Fluorescence Activated Cell Sorting (FACS): After 1-2 weeks of cultivation the 
nutrient enriched (N and P) water samples were subjected to FACS in order to isolate 
single strains. One 96-well plate per water sample was filled with 150 µL defined nutrient 
agar (1.5% agar, Tris buffered, TP media – equals TAP media [219] without acetate 
added) and 20 µL liquid TP media which was added just before sorting to absorb the 
collision of the cell onto the agar. This gives the first reproduced cells the chance to embed 
more easily on the agar. Each water sample (1-2 mL) was filtered through a 40 µm filter 
before being processed with the BD FACS Aria unit (BD Biosciences). Using the side and 
fluorescence scatter modes different populations were selected and sorted into the wells, 
ideally one cell per well (Figure 19) (further details see Appendix A). The 96-well plates 
containing the sorted cells were stored for 2-3 days at continuous low light (~10 µmol 
photons m-2 s-1) at ~23 °C. Depending on individual growth rates and cell recovery 
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processes for different species, the plates were left for another 2-6 weeks at ~50 µmol 
photons m-2 s-1. Colonies derived from an isolated algae cell free from bacterial 
contamination were selected through microscopic observation (inverted microscope, 100x 
magnification). The colonies were chosen based on cleanliness and diversity before being 
transferred to an ordinary TAP media [219] agar plate to enhance the amount of biomass. 
A “colour coded contamination map” was created to describe isolation success rates (Figure 
19). Once the strain was thought to be free of contamination it was transferred onto a 
TAP media plate containing yeast extract to confirm the absence of bacterial growth. 
Future investigation will include DNA staining methods to identify bacterial 
contamination by observing fluorescent staining of DNA in areas where no algae can be 
detected. Microalgal strain isolates were finally maintained on individual TAP or TP agar 
plates. 
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Figure 19: Strain isolation process. Each water sample (top left panel) was kept in flasks and 
monitored before and after treatment (e.g. nutrient enrichment). Samples were then subjected to FACS in 
order to isolate single algae cells (bottom left panel) using side and fluorescence scatter modes to select from 
different populations. Ideally 1 cell was sorted into one well of a 96-well plate (right panel, top) and 
monitored for success of purification (right panel, middle, yellow: contamination only, orange: algae + 
contamination, green: axenic algae). Algae colonies free of contamination were then transferred to ordinary 
TAP or TP media agar plates to enhance the amount of biomass (right panel, bottom). The isolate name 
denotes the sampling site of origin and the well it was picked from after cell sorting (e.g. strain 11_D12 
comes from sampling site 11 and was picked from the well D12). 
 
Purified populations of species possessing larger cells were more often contaminated than 
those with smaller cell types. This might be due to bacteria adhering to the outside of 
individual algal cells, thereby making their separation in FACS sorting more problematic. 
Diatoms often showed lower survival rates after sorting events compared to chlorophytes, 
possibly because of the fragility of their frustules.  
 
Micromanipulation as an isolation technique aims to broaden the diversity of species 
enabling the isolation of microalgae that are sensitive to shearing forces or other physical 
stresses that are present during FACS processing. Micromanipulation alone or in 
combination with subsequent FACS to remove bacterial contamination was performed by 
Gisela Jakob as a complementary approach of this project and is described in Appendix A. 
 
Maintenance and Storage: Microalgal strain isolates are kept on individual plates for 
maintenance and maintained through serial subculture once a month (Figure 20). In most 
cases TAP or TAP+Y media (Y: yeast extract) was used while some species were 
maintained on TP media or media supplemented with vitamins or silica. Shipment of 
strains to collaborating partners (e.g. University of Bielefeld) use slants that have been 
prepared with TAP+Y media agar. 
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Figure 20: Storage of isolates on agar plates. 
 
After about one to three subcultures some of the isolated algae died. This suggests that 
either the culture medium was lacking a particular element or organic compounds, which is 
not immediately manifest; or the algae cells accumulate wastes that poison its 
environment, which would be diluted or metabolized by other organisms in nature (a 
partner organism such as a bacterium is required); or a virus is present which eventually 
overcomes the culture. 
 
Triplicates of 57 isolates were successfully cryopreserved and recovered (Table 11) [269] 
using 1 x 106 cells per cryovial in a two-step freezing protocol [270]. Growth time and 
viability rate depend strongly on the individual strain and have varied between 1.5 to 4 
weeks to recover and achieved up to 30% recovery. Specifically, triplicates of each isolate 
were frozen using 1 x 106 cells per cryo-vial in a two-step freezing protocol (Figure 21). 
Cells were grown in TAP medium, centrifuged (10 min, 600g) and resuspended in 50 µl 
media. The final cryo-vial (1 mL, 6.5% DMSO and 0.2 M sucrose) was frozen down over 
night at -80 ºC using a freezing container filled with isopropanol to control the rate of 
temperature decline. After at least 4 hours the cryo-vials were transferred into liquid 
nitrogen storage tanks (-196 ºC) for long-term storage. 
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Figure 21: Cryopreservation of isolated algae strains. Shown are the containers that are used for 
freezing. 
 
The viability of each strain was determined by thawing one of the frozen down triplicates. 
The cryo-vials were transferred from liquid nitrogen (using dry ice for transportation) into 
a ~25 ºC water bath (~2 min) before the content was transferred into 50 mL TAP media 
(Falcon tube) to reduce the fixative concentration for at least 1 hour at room temperature 
to acclimatise. After gentle inversion 500 µL was then applied to a TAP agar plate. The 
plate and the remaining culture were placed in the dark for one day as a second 
acclimation period minimising photodamage. After 2 to 4 weeks in low light conditions, 
depending on the strain, colonies on the plates were counted and viability was calculated 
based on the number of cells plated out assuming that each algae colony originated from 
one viable cell. 
 
Table 11: Microalgae strains in long-term storage using cryopreservation techniques and their 
recovery rates. #Total: Refers to conditions under which any level of recovery was observed. *1% cut-off: 
Refers to the recovery threshold that is > 1% of cryopreserved cells forming viable colonies. 
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3.2.2  Taxonomic classification and differentiation of algae isolates 
The isolated strains were observed under the microscope for morphological characteristics 
such as motility (one or more flagella), occurrence of an eyespot, unicellular or colony-
forming morphology (held together loosely or highly organised), shape (coccoid, 
filamentous, capsoid or parenchymatous) and were then compared with taxonomic guides 
from the literature. Two morphologically identical strains from different sampling locations 
were treated as different, until it was proven using DNA-based identification that they are 
the same species. To assist with species identification, micrographs were recorded from 
each isolate. Data collection for the preparation of a photographic library also including all 
other morphological and molecular data is an ongoing project. 
 
Ribosomal DNA analysis: In parallel with morphological observation, analyses of 
ribosomal DNA (16S, 18S) have been carried out. Both analytical datasets are compared 
and used for strain classification. Genomic DNA was purified for all strains using a phenol-
chloroform extraction method. About 50 ml culture was pelleted (10 min at 2,000g) and 
resuspended in 1 ml extraction buffer (0.1 M Tris HCl pH 9.5, 1 M KCl, 0.01 M EDTA). 
The cell suspension was then vortexed vigorously, put into an ultrasonication bath for 5 
min and snap frozen in liquid nitrogen to lyse the cell walls of the algae. After thawing the 
cells at 37 °C these steps were repeated 3 times. The cells were then incubated for 10 min 
at 75 °C and cooled down to room temperature (RT) again. Following the cell-lysis step, 
500 µl phenol-chloroform-isoamylalcohol (25:24:1) (PCI) was added and the samples were 
vortexed. The precipitate and cell debris were then spun down (2 min, 12,000 g, RT) and 
the supernatant transferred into a fresh tube. Again, 500 µl chloroform-isoamylalcohol 
(24:1) (CI) was added and the sample was vortexed. For DNA precipitation, 650 µl 
isopropanol was added to the new isolated supernatant. The DNA was pelleted (10 min, 
12,000g, 4 °C) and washed with 500 µl ethanol (70%). The DNA was again pelleted, dried, 
resuspended in DNAse free water containing RNAse and stored at -20 °C. 
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A set of ‘universal’ bacterial primers (Uni-forward 5’-GAGAGTTTGAT 
CCTGGTCAG-3’, Uni-reverse 5’-ACGGATACCTTACGACTT-3’) and two 
‘phytoplankton specific’ primers (PS-forward 5’-GGGATTAGATACCCCWGTAGT CCT-
3’, PS-reverse 5’-AGGACTACWGGGGTATCTAATCCC-3’), approximately centred 
between the ‘universal’ primers, were used on the best performing 20 strains to selectively 
amplify genes of phototrophs over those of other prokaryotic and eukaryotic organisms 
[248] to target 16S rDNA from cyanobacteria and eukaryotic plastids. Two PCR 
amplifications were performed using a pair of complementary centrally located 
‘phytoplankton-specific’ primers, each paired with one 16S universal primer, so that two 
amplicons were obtained, overlapping at the central phytoplankton primer location. A 
third PCR amplification was then performed using the two 16S universal primers (Figure 
22). 
 
Figure 22: PCR reaction scheme targeting 16S 
rDNA from eukaryotic plastids and 
cyanobacteria. 
 
 
 
The DNA was amplified using iProof™ polymerase (Bio-Rad Laboratories, iProof™ High-
Fidelity DNA Polymerase, 2U/µL) in a 25 µl PCR reaction (Table 12) using the following 
PCR protocol: 3 min at 92 °C/ 30 cycles of 3 s at 98 °C, 15 s at 50 °C, 30 s at 72 °C/ 5 
min at 72 °C. 
 
Table 12: PCR reaction mix used for ribosomal DNA analysis. 
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The PCR products were cleaned up using the PureLink® PCR Purification Kit 
(Invitrogen) or the PureLink™ Quick Gel Extraction Kit (Invitrogen) in case the PCR 
reaction resulted in two different products (seen as 2 bands on gel). 30 to 75 ng PCR 
product and 9.6 pmol Uni-for as sequencing primer was sent to the Australian Genome 
Research Facility Ltd (AGRF) for sequencing. 
 
Figure 23: DNA purification and 16SPCR reaction 
steps. a) Cultivation of isolates in flasks. b) Remaining 
precipitate and cell debris after addition of PCI. c) 
Remaining precipitates and cell debris after addition of 
chloroform-isoamylalcohol. d) Agarose gel using the 
extracted DNA. 
 
 
 
PCR products (Figure 23) were then sequenced using the ‘universal’ primer set and the 
obtained sequence information were aligned using nucleotide BLAST (NCBI, 
http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the ‘nucleotide collection (nr/nt)’ 
database, entering “algae” in ‘entrez query’ and selecting “Highly similar sequences 
(megablast)” as the program selection. In addition a multiple sequence alignment (MSA), 
usually used to illustrate mutation events or assess sequence conservation, was performed 
on the 20 fastest growing strains. This data was used to choose the 10 least related strains 
for scale-up experiments. 
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Figure 24: Example of BLAST analysis output with strain 1_C6. (NCBI, 
http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
 
The availability of databases containing genome information for algae is very limited. 
Searching these databases (NCBI) using 16S rDNA sequences of the isolated wild type 
strains results in weak BLAST hits that often have “query coverage’s” below 95% and/or 
“Max ident” values below 97%. For a clear identification of species values of 100% are 
expected. These results therefore only provide an indication as to the family or genus to 
which each one strain belongs (e.g. Chlorophyta or Bacillariophyceae). In addition to the 
targeted analysis of 16S rDNA, the amplification of 18S rDNA and sequencing was 
performed by the Australian Genome Research Facility (AGRF). The resulting sequences 
yielded more results from the NCBI database due to a wider algal database coverage for 
18S rDNA sequences, as this is the commonly reported identification method for 
eukaryotic algae. However, it does not allow for the differentiation of plastids between 
algae species. For further identification details see Appendix A, and for sequences of 
selected strains see Chapter 3.3. 
 
The establishment of AFLP fingerprinting methods [271] could lead to a finer 
differentiation between strains or help future differentiation between algae strain isolates 
lacking a distinct taxonomic identification due to e.g. high morphological similarity or no 
identical genetic information being deposited on publicly available databases or both.  
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Feeding microalgae isolates to the high-throughput growth screening: The high-
throughput screening described in chapter 2 was subsequently used to screen axenic 
microalgae strains after their isolation from natural water bodies following the workflow in 
Figure 25. The main focus of the screen for this project was to test a broad range of 
microalgae isolates in a streamlined way and select microalgae candidates for biomass 
production (chapter 3.2). 
 
 
Figure 25: Workflow of the two-step high throughput algae growth screen used for high 
performance microalgae strain selection with integrated media design. 
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3.3 High-throughput screen for high performance microalgae 
strain selection and integrated media design 
 
Abstract: Microalgae provide a powerful biotechnology platform for the production of 
renewable fuels, animal-feeds and high-value products. Here, a new high-throughput 
nutrient optimisation screen was used to maximise photoautotrophic growth rates for 100 
newly bio-prospected microalgae isolates. The multidimensional statistical design enabled 
the optimisation of 12 critical nutrients (N, P, Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si) 
and identified the highest specific-growth rates, elemental main-effects (Ca, Mg and Zn 
accounted for 71% of all main effects under photoautotrophic conditions) and pair-wise 
nutrient interactions (e.g. Ca-Mg, Mg-Zn, B-Zn, B-Se, Mn-Zn and Zn-Si) for each of the 
100 strains tested (25,100 trials, over 2000-fold data-compression compared to a full 
factorial design) as well as their ability to use different carbon sources. Photoautotrophic 
growth rates reaching 0.067 h-1 (0.289 h-1 at microwell plate scale) and 2.78 g L-1 (batch 
cultivation in flasks) are among the highest reported, promoting the capacity for a high-
throughput optimisation of microalgae production processes using established and newly 
bio-prospected strains. 
 
The presented data in this chapter are published in:  
Juliane Wolf, Ian L Ross, Khairul A Radzun, Gisela Jakob, Evan Stephens, Ben 
Hankamer. High-throughput screen for high performance microalgae strain selection and 
integrated media design. Algal Research, 11:313-325, 2015. 
 
Here we have employed the advanced high-throughput robotic screen designed to identify 
the best nutrient conditions [272] (Chapter 2) for a diverse set of 100 new isolated algae 
strains [269] (Chapter 3). The screen focuses on the statistical optimisation of the 12 most 
important mineral elements. These include 12 macro (N [i.e. NO3-, NH4+ & urea], P, Ca, 
Mg) and micro (Fe, Mn, Zn, Cu, B, Si, Se, V) elements with the remaining nutrients 
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provided in reportedly replete levels [272] at 1% CO2 concentration (near optimal, 
though this can be adjusted).  
 
This nutrient screen was designed to identify the best production conditions within the 
broad multidimensional statistical space sampled, avoiding local minima and enabling the 
identification of significant nutrient interactions. This in turn enables more detailed, 
studies of the optimal nutrient space to maximise growth rate (Figure 26, Figure 27, 
Figure 30) and minimise nutrient wastage (Figure 27A, Figure 30). Furthermore it ranks 
the statistical significance of each element tested in terms of its effect on growth rate 
(Figure 27A) and for the first time identifies complex pairwise interactions of nutrients 
and their effect on growth rate (Figure 27B, Figure 29). Scaled up trials of high 
performance microalgae strains in the best production media identified, allowed the 
refinement of nutrient conditions (Figure 30) on the path towards the development of 
commercial microalgae production systems. The approach and experimental progression is 
summarised in Figure 32. 
 
3.3.1  Results and Discussion 
3.3.1.1 Microbial Screening of 100 isolated algae species 
Microalgae can utilise a variety of carbon sources (C-source) such as inorganic C (CO2 - in 
photoautotrophic growth modes), and organic carbon (e.g. Figure 26A – for heterotrophic 
growth) or both (e.g. for photoheterotrophic/mixotrophic growth). The ability of a given 
algae species to metabolise a specific C-source depends on its specific transporter 
mechanisms and metabolic pathways. The evolutionary variations of these properties can 
therefore provide a sound basis for the development of a specialised process (e.g. the 
production of renewable fuels, or for waste water treatment). 
 
In this study inorganic (CO2) and organic carbon sources (Figure 1A) as well as 12 of the 
most important nutrients (N, P, Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si) were analysed 
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for 100 microalgae strains collected from a broad range of natural habitats using high 
throughput screening [269].  
 
Of the 100 strains screened 90 were able to grow in acetate, 66 in cellobiose, 61 in 
pyruvate, 53 in Succinate, 52 in Aspartate, 47 in Mannitol, 41 in Glucose, 39 in Arginine, 
30 in Sucrose and 26 in Glycerol (Figure 26A). 58 algae strains were able to grow in 
photoautotrophic conditions to detectable levels in Screen 1 (growth screen under varying 
N- and P-conditions), whereas 90 strains grew in photoautotrophic conditions in Screen 2 
(growth screen under varying Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si concentrations) 
indicating that other elements of the nutrient media were important for optimal 
production (2-step nutrient screen setup see Material and Methods). 
 
 
Figure 26: Microbial screening of 100 algae isolates for preferred nutrients to achieve high 
growth rates. A) Growth on CO2 and a range of organic carbon sources. B) Frequency of N-type chosen 
based on highest detected growth rate in Screen 1. C) Frequency of N-type and –concentration as selected 
media base for Screen 2 chosen based on highest growth rate as well as frequency of individual P-
concentrations chosen and sorted by provided N-type. D) Distribution of maximum specific growth rates of 
the 100 algae strains as a function of atomic N:P ratio. E) Statistical main effects on algae growth rate as a 
function of supplied nutrient elements sources from Screen 2 experimental conditions and sorted by provided 
N-type. 
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Nitrogen: Four N source combinations were screened to define optimal N supply. Three 
single N-type sources (NH4+ as NH4Cl, NO3- as NaNO3 and as (NH2)2CO2 - Urea) were 
tested together with the dual N source, NH4NO3. The highest specific growth rates within 
a species (i.e. based on total N levels such as NH4+ + NO3-) occurred most commonly in 
the presence of NH4+ (i.e. NH4+ or NH4+ + NO3-), followed by urea and NO3- based media 
(Figure 1B). NH4+ ions offer a reduced form of nitrogen ready to be taken up by the algae 
cells. However, ammonium salts can induce toxicity particularly as the pH rises and 
ammonia (which diffuses freely across the cell membrane) is formed from ammonium. In 
contrast, nitrate assimilation involves an energy intensive process of reduction (NADH 
usage and active transport via NO3- transporters) [273]. For this reason NO3- perhaps offers 
the least energetically favourable option for fast growing algae strains. The fact that NO3- 
is a commonly found N-source in natural environments may explain why many algae have 
evolved the ability to utilise it. Urea has the advantage of being a cheap nitrogen dense 
fertiliser that due to the gradual release of ammonium, is unlikely to induce toxicity at 
high concentrations. Two mechanisms of urea hydrolysis have been reported [274]. The 
first involves the pH dependant dissociation of urea in water; the second the release of 
urease or urea amidolyase into the medium catalysing the conversion shown in Equation 
11 [274]. 
 
Equation 11: (NH2)2CO + H2O → CO2 + 2NH3 
 
This is followed by the assimilation of NH4+ ions via a more energetically favourable route 
than the assimilation of NO3- reduction and uptake [275-277]. 
 
Microbial urea hydrolysis can trigger pH increases caused by ammonia release, while other 
pH effects can be produced by CO2 uptake during photosynthesis, CO2 release during 
respiration, and proton secretion by some species growing on ammonium nitrogen [274]. 
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The miniaturised nutrient screens contained high levels of Tris (100 mM, pH 7.0) to 
prevent such strong pH shifts and precipitation; no visible precipitate was observed. While 
such high levels of buffer cannot be used economically in most scaled up systems except for 
high value product production, large photobioreactors and ponds can be controlled 
relatively cheaply through CO2 regulation and acid/base addition. The nitrogen 
concentrations screened are shown in Figure 1C. For the NH4+ and NO3- optimum 
concentrations of ~10-15 mM were identified. In contrast the best urea concentrations were 
considerably lower (3.8 mM). 
 
Phosphate: In terms of phosphate concentration which was tested at 2 and 10 mM there 
was a fairly even spread of preferences. It was however noted that in the presence of NH4+ 
(i.e. NH4Cl and NH4NO3) higher growth rates were observed at 2 mM rather than 10mM, 
whereas the opposite was the case in the presence of urea.  
 
Analysis of preferred N:P ratio: Figure 26D displays the highest individual growth 
rates for the 100 strains analysed as a function of atomic N/P ratio. The data points are 
colour-coded to reflect the nitrogen preferences identified in Figure 26C. The fastest 
growth rates (Figure 26D; grey box) were observed for N:P ratios lower than 4 (i.e. 
relatively high phosphate concentrations). Not surprisingly, these ratios are significantly 
lower than the so-called Redfield ratio of C106: N16: P1 (by atoms) reported for as a time-
averaged mean value of the elemental biomass and water composition in the world ocean 
for marine phytoplankton. There is no distinct fresh water equivalent for the Redfield 
ratio. While the Redfield ratio provides a useful baseline [158, 188] for which a mechanistic 
basis of homoeostatically producing a given protein:rRNA ratio has been suggested [170] 
(i.e. the balance between protein and rRNA synthesis), dilute marine environments differ 
significantly from high cell density biotechnological applications focused on the production 
of biomass. Marine environments generally represent a broad variety of constantly 
changing local environments which are often nutrient depleted for long periods. In contrast 
biotechnological applications are designed to provide nutrient replete conditions to achieve 
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high product yields. The low N:P ratios yielding the highest growth rates were achieved 
by raising the phosphate concentration and this likely reflects adequate phosphate supply 
in the batch growth regime. The focus of this study was to identify conditions yielding 
maximum productivity, for which low N:P ratios appear favourable. However for scale up 
such conditions may have to be adjusted to minimise opportunistic P uptake and thereby 
maximise cost benefit. 
 
It is of course possible that the high requirement of phosphate is due to its precipitation as 
calcium and magnesium salts. Mineral precipitation occurs in supersaturated solutions 
when the ion activity product of a mineral exceeds its solubility product. Typical 
precipitation products are [278]: Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) a calcium 
phosphate, calcite (CaCO3), struvite (MgNH4PO4.6H2O), and newberyite (MgHPO4.3H2O). 
However it should be noted that no obvious precipitate was seen in these experiments. In 
this context it is interesting to note that magnesium can reportedly inhibit hydroxyapatite 
formation and that carbonate can increase HAP solubility when substituted for phosphate 
[278]. The observation of mineral precipitation provides the basis for more refined 
approaches using e.g. software-based analytical tools to model water chemistry.  
 
Analysis of elemental effects as a function of N-type: For each of the 100 strains, 
the nitrogen and phosphate conditions yielding the highest growth rates were used as the 
basis for further nutrient optimisation using an incomplete factorial design (Screen 2). For 
algae strains showing poor or no growth in Screen 1 and consequently no clear favourable 
N-type, N was supplied in the form of NH4NO3 to provide both NH4+ and NO3-. As nitrate 
is thought to be utilised once ammonium has been cleared, this medium was expected to 
primarily reflect ammonium utilisation for growth rate values, but total nitrogen with 
respect to the plateau biomass levels. 
 
With the best identified N and P conditions defined for each species in Screen 1, Screen 2 
was used to characterise the effects of varying Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si 
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concentrations on maximal growth rates. Figure 26E summarises the statistically 
significant ‘main effects’ on growth rate on an elemental basis within the four N:P 
backgrounds identified as best in Screen 1. Both the number of strains exhibiting such an 
effect and the percentage of strains within a given N/P background are provided. Across 
all four N conditions tested the relative importance of the effect of these nutrients on 
growth rate was found to be: Ca (32) > Mg (32) > Zn (20) > Si (11) > Se (6) > V (6) > 
Mn (4), Fe (4) > Cu (3) > B (1). This analysis reveals that Ca, Mg and Zn can greatly 
impact algae growth irrespective of the N-source present, and collectively account for 71% 
of all main effects detected. Ca and Mg alone accounted for more than 70% of all detected 
element effects in the presence of NH4NO3 and 40-50% in NaNO3, NH4Cl or (NH2)2CO2. Si 
was mainly found to have an effect in NH4+ containing media. The inclusion of monitoring 
and control systems for key ions prone to precipitation and depletion, such as phosphate, 
carbonate, calcium, magnesium, iron and zinc ions should therefore be considered for 
scaled up microalgae cultivations. 
 
3.3.1.2 Growth pattern analysis 
Figure 27A (insert) illustrates that the maximum specific growth rate of a given algae 
strain increases with nutrient concentration up to the point that the medium is nutrient 
replete. At this point the growth rate stays at a plateau until inhibitory nutrient levels are 
reached. Consequently the aim of the nutrient screen is to define strain specific media that 
yield replete but non-growth inhibiting nutrient levels, both to minimise cost and to 
increase productivity. Such optimisation must be conducted for each element and in the 
context of the complete blend as pair-wise and indeed multiple elemental interactions can 
occur. 
 
The incomplete factorial Box-Behnken design of Screen 2 tested the ten nutrients (Ca, Mg, 
Fe, Cu, Mn, Zn, B, Se, V and Si) at 3 different concentrations [272]. The detection of a 
significant difference in growth rate (i.e. p ≤ 0.05) for a given nutrient across these three 
(low, medium and high) concentrations indicated the presence of a ‘main effect’. The use 
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of three different nutrient concentrations for each element also made it possible to 
establish whether statistically significant main effects were due to a concentration 
dependent increase in growth rate (Figure 27A, Pattern A and B) or inhibition (Figure 
27A, Pattern C and D). The detailed calculations are explained in the ‘Material and 
Methods’. Of the 28 strains that showed a significant main effect when changing the Ca 
concentration, 24 strains exhibited an increased growth rate with increasing nutrient 
concentration (patterns A and B, Figure 27A) while 4 strains had a decreased growth rate 
(patterns C and D, Figure 27A). The data illustrates that some strains can be positively 
affected by individual nutrients while others are negatively affected (Figure 27A). Closer 
analysis of Figure 27A shows that 80% of the main effects identified had a positive effect 
on growth rate while 20% exhibited negative effects with increasing nutrient concentration. 
The positive effect of increased magnesium concentrations on growth rate (Figure 27A) is 
in agreement with the recent study of [279] which used urea as a nitrogen source. 
 
Statistically significant pairwise interaction analyses of growth rates (p ≤ 0.05) were also 
identified. Figure 27B displays the pairwise interaction effects identified for the 100 
screened algae strains. The most common elemental main effects (i.e. Ca, Mg, Zn) also 
frequently accounted for one part of the 678 significant interactions detected. These were 
ranked as follows: Mg (97x) > Si (82x) > Zn (75x)> Se (70x) > Ca (69x) (Table 21). 
Algae growth was most frequently influenced by the pairwise interaction of Ca-Mg (16 
strains), Mg-Zn (15 strains), B-Zn (13 strains), B-Se (13 strains), Mn-Zn (13 strains) and 
Zn-Si (14 strains) (Figure 27B).  
 
In terms of media optimisation, if an element showed a significant effect on growth and 
resulted in either pattern A or B (Figure 27A) the highest of the three tested nutrient 
concentrations was selected for the final media formulation to ensure the nutrient 
sufficiency. Pattern C resulted in selecting the middle concentration and pattern D in 
selecting the lowest concentration for the final media formulation. Despite screening only 3 
different concentrations, due to the large and complex statistical space sampled, this 
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selection strategy was taken to identify conditions close to or within the plateau region 
for all elements to facilitate fast growth. Patterns A and D are likely not to result in a 
selected concentration inside the plateau area. They are however likely to improve the 
nutrient supply over the baseline average concentration. For example, the optimised media 
formulation ( 
Table 13) shows that for C. pyrenoidosa (10_B9) the best conditions consist of 12.6 mM 
NH4Cl and 2 mM KH2PO4, both derived from Screen 1, and an increased concentration of 
Mg and Zn relative to the average concentration (baseline) because both elements showed 
a significant effect on growth described by pattern B. 
 
 
Figure 27: Summary of nutrients effects on the growth of 100 algae strains. A) Insert: The 
maximum specific growth rate of an algae strain increases with nutrient concentration up to the point that 
the medium is replete, before plateauing and then declining due to negative effects on growth. Growth 
responses follow the concentration dependent patterns A, B, C and D. Main effects are colour coded 
according to their growth pattern. B) Number of strains showing elemental pairwise interactions. 
 
Selection of high-performance cell lines: The highest specific growth rate (µmax for 
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growth rates than those rates observed in the presence of organic carbon sources such 
as readily assimilated acetate (Figure 29A - on TAP). Algal growth yielded higher biomass 
productivities on organic carbon sources than in the presence of CO2, as embodied energy 
is already present in the organic substrate and so the organism requires less energy than 
when fixing CO2.  
 
 
Figure 28: Candidate strain characterisation summary including isolate name, nutrient with 
main effect (blue circled element), pairwise element interaction (orange line), N–source and 
concentration, P–concentration. 
  
The ‘top’ 10 high biomass producing strains were selected from the highest 20 performing 
algae strains (highest average µmax -mean of Screen 2), based on genetic diversity (location 
of origin [269], morphological characterisation – see Table 13, rDNA sequencing and multi-
sequence alignment – see Table 14) to maximise coverage of the high performance/ genetic 
diversity space. Figure 28 displays the individual nutrient requirements of the 10 candidate 
strains (N- and P-requirements, main effects (Blue circles) and pairwise elemental 
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interactions that impact growth (orange). It is of note that Ca, Mg, Zn and Mn 
exhibited main effects (Figure 28). Ca, Mg and Zn all exhibited patterns A and B ( 
Table 13) indicating the higher concentrations yielded improved growth under the 
conditions tested. Si was the only main effect to exhibit a negative impact at raised 
concentration.  
 
Table 13: Optimised medium for 10 selected candidate strains. Isolate name and micrographs (400x 
magnification), optimised media formulation providing information related to the best N–source and 
concentration as well as P–concentration (Screen 1) and highlights the nutrients effecting growth rate and its 
concentration dependent pattern (Screen 2), maximum specific growth rates in microwells and flasks [h-1], 
maximum biomass density [g L-1] and productivity [g L-1 d-1] achieved in flasks are listed.  
Isolate name 
 
Optimised media
 
µmax, 
Screen 
[h-1] 
µmax, 
Flask 
[h-1] 
Ratio 
µmax, Screen 
/ µmax, 
Flask 
Biomass 
density 
[g L-1] 
Biomass 
productivity 
[g L-1 d-1] 
Chlorella sp. (11_H5) 
 
3.8 mM (NH2)2CO,  
2 mM KH2PO4 
0.110 0.046 2.39 2.637  
± 0.701 
0.205 
Chlorella pyrenoidosa 
(10_B9) 
 
12.6 mM NH4Cl,  
2 mM KH2PO4,  
Mg+ (pattern B),  
Zn+ (pattern B) 
0.160 0.051 3.14 2.783  
± 0.697 
0.217 
Chlorococcum sp. (12_02) 
 
 
 
15 mM NH4NO3,  
10 mM KH2PO4 
0.139 0.055 2.53 2.280  
± 0.400 
0.178 
Chlorella sorokiniana 
(12_A9) 
11.3 mM NH4NO3,  
2 mM KH2PO4 
0.073 0.006 - 0.157  
± 0.080 
0.023 
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Chlorella sp. (20_G10) 
 
3.8 mM NH4NO3,  
2 mM KH2PO4,  
Ca+ (pattern B),  
Zn+ (pattern A),  
V+ (pattern B) 
0.066 0.063 1.05 1.903  
± 0.330 
0.148 
Chlorella sorokiniana 
(15_E4) 
 
4.2 mM NH4Cl,  
2 mM KH2PO4,  
Zn+ (pattern A),  
Si+ (pattern C) 
0.093 0.057 1.63 0.593  
± 0.133 
0.046 
Chlorella sorokiniana 
(8_C4) 
 
13.2 mM NaNO3,  
2 mM KH2PO4,  
Ca+ (pattern A),  
Mn+ (pattern A) 
0.080 0.066 1.21 1.907  
± 0.157 
0.149 
Desmodesmus intermedius 
(1_C4) 
 
3.8 mM (NH2)2CO,  
10 mM KH2PO4 
0.133 0.031 4.29 0.607  
± 0.416 
0.047 
Chlorella sorokiniana 
(7_B6) 
 
12.6 mM NH4Cl,  
2 mM KH2PO4,  
Mg+ (pattern B),  
Zn+ (pattern B) 
0.082 0.067 1.22 2.267  
± 0.104 
0.177 
Micractinium pusillum 
(5_H4) 
 
8.4 mM NH4Cl,  
10 mM KH2PO4,  
Ca+ (pattern A),  
Mg+ (pattern A) 
0.137 0.043 3.19 1.140  
± 0.114 
0.089 
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Flask trial validation: The top 10 strains from the high throughput screening assay 
and their optimised production conditions were then subjected to flask trials (134 fold 
scale up; see  
Table 13 and Figure 29). Figure 29A shows that flask trials yielded either the same or 
lower growth rates than their corresponding Screen 2 conditions. Of particular note in  
Table 13 is that the screen mmax range was 0.066-0.289 h-1 and that this dropped up to 9.3-
fold on repetition in flask trials conducted to obtain biomass density (0.157-2.78 g L-1) and 
biomass productivity (0.023-0.205 g L-1 d-1) data. The reduction in the growth rate in 
flasks is likely to be due to light limitation or other production variables such as reduced 
CO2 gas exchange which can be further refined upon scale up to photobioreactors (albeit 
at increased cost), although light limitation remains an issue in open pond systems. Figure 
29B provides a photographic overview of the flask cultures and how they increased in 
density over time. The corresponding OD750 and biomass yields measured as a function of 
time are shown in Figure 29C and D (OD750 to cell number correlation, see Figure 33). 
 
The optimised production conditions of the top 10 selected strains and their production 
characteristics are listed in  
Table 13 together with the key findings of the flask trials (Figure 29B) in terms of total 
biomass yields (Figure 29C) and volumetric yields (Figure 29D).  
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Figure 29: Growth performance of the 10 best performing algae candidate strains. A) Maximum 
specific growth rates in TAP medium and photoautotrophic Screen 1, Screen 2 and flask trial conditions. B) 
Photographic representation of the culture density at day 1, 4 and 13 of the flask trials. C) Growth curves 
(OD750) in optimised media flasks trials (200 mL). D) Biomass concentrations attained (g.L-1). 
 
Nutrient depletion: To evaluate which elements remain replete and which required 
replenishment, after 13 days of batch cultivation in flasks the residual media were 
subjected elemental analysis. Figure 30 shows nutrient uptake for N- and P-sources, Ca, 
Mg, Zn, Cl, S, Na, K, Cu, Fe, Mn, B, Mo, and Co. Assuming as a first approximation that 
elements become limiting at levels below 10% of their starting concentration Figure 30 
shows that after 13 days almost all remained replete for the top 10 strains tested 
indicating success of the nutrient screen in finding the concentration plateau well away 
from the regions where nutrients are either limiting or toxic. Specifically Figure 30A shows 
that phosphate and NH4 levels remained in the 10-100% ‘replete range’ and that in the 
case of NOx-N (nitrate and nitrite) only Chlorella sp. (20_G10) grown with 3.8 mM 
NH4NO3 was limited by the end of the 13-day period. Figure 30B confirms that Ca, Mg 
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and Zn all remained in the 10-100% ‘replete range’. Figure 30C shows that Cl, S, Na 
and K all remained in the 10-100% ‘replete range’ except in the case of Na for Chlorella sp. 
(20_G10). Figure 30D shows that Cu, Fe, Mn, B, Mo and Co all remained in the 10-100% 
‘replete range’. Notable exceptions include the rise of Fe levels above the 100% range 
indicating its release likely due to chlorosis and cell death (microscopic observation). This 
suggests that while the media is nutrient replete in terms of the elements tested, other 
factors remain to be optimised for high-efficiency production. These datasets confirm that 
the individual growth media were largely nutrient replete after the 13-day growth period. 
This suggests that the initial stationary phase is based on light limitation or a period of 
adaptation to the nutrient mix supplied.  
 
NH4+ vs. NO3- uptake: Chlorococcum sp. (12_02) and Chlorella sp. (20_G10) were 
both supplied with NH4NO3 as a dual N source. Interestingly whereas Chlorococcum sp. 
(12_02) used NH4+ first, Chlorella sp. (20_G10) uses NO3- first (Figure 5A) confirming 
that one cannot always assume that NH4+ is a more readily accessible N-source and that 
species-specific nutrient optimisation must be conducted for high efficiency production.  
 
Sulphate: Unlike phosphate, S usually cannot be stored intracellularly. S levels (Figure 
30C) generally showed the largest decrease of all the nutrients screened across most 
candidate strains. Specifically Chlorella sp. (11_H5), C. pyrenoidosa (10_B9), 
Chlorococcum sp. (12_02), Chlorella sp. (20_G10), C. sorokiniana (7_B6) and M. 
pusillum (5_H4) all showed a decrease of sulphate levels of more than 30% and should be 
monitored closely at scale to prevent limitation. For example 98% of the initial sulphate 
level was taken up by Chlorella sp. (20_G10). It should be noted that sulphate levels are 
difficult to optimise because the elements of sulphate salts used in algae media recipes 
must themselves be optimised (e.g. MgSO4, FeSO4, CuSO4, ZnSO4, VOSO4 and MnSO4 or 
(NH4)2SO4 and K2SO4). 
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Figure 30: Histogram showing the nutrient uptake as relative residue of the starting 
concentration (%) by the candidate algae strains grown in individual optimised media 
compositions. The individual nutrients analysed were (A) PO43-, NH4+ and NOx (sum of NO2- and NO3-), 
(B) Ca2+, Mg2+ and Zn2+, (C) Cl-, SO42-, Na+ and K+, (D) B, Co, Cu, Fe, Mn and Mo. 
 
Species specific observations: Under the optimal nutrient conditions identified 
Chlorella sp. (20_G10), C. sorokiniana (15_E4), C. sorokiniana (7_B6), C. sorokiniana 
(8_C4), Chlorella sp. (11_H5) and C. pyrenoidosa (10_B9) (highest to lowest cell 
density/OD750 ratio) consist of very small to small coccoid, non-motile single cells that 
reach very high cell numbers after 2 weeks (up to ~3*10-8 cells mL-1 for Chlorella sp. 
(20_G10), see Figure 33). Chlorella sp. (11_H5), C. pyrenoidosa (10_B9) and C. 
sorokiniana (8_C4) cells were consistent in size and shape during the entire cultivation 
period in flasks (cell diameter ~4 µm). Small cells have a high surface area (cell to media) 
enabling a high mass transfer rate for nutrients but also encounter a high risk for predator 
sensitivity. M. pusillum (5_H4) consist of small round cells (with some having bristles) 
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that occur as single cells or often in clusters of three, six or nine cells. The culture of 
Chlorococcum sp. (12_02) contains both cell aggregates and motile single cells. At the 
start of the cultivation in flasks, cell aggregates of up to 10 cells (cell diameter ~9.8 µm) 
appeared. At the end of the batch cultivation groups of 2 or 4 cells were observed enclosed 
by one cell wall (autospores) with an average diameter of ~20 µm. Cell aggregates were 
formed throughout the cultivation indicating an opportunity for future flocculation-based 
harvesting. D. intermedius (1_C4) cells are elliptical to spindle-shaped cells that occur 
mainly as single cells or colonies of 2 or 4 cells (occasional showing spines). C. sorokiniana 
(12_A9) showed a decrease in average cell size diameter from ~10.5 to 7.1 µm between 
start and end of the batch cultivation in flasks. Cells occur as aggregates as well as non-
motile single cells. Some cells, however, showed minor chlorotic characteristics suggesting 
that the cells suffered from stress under these cultivation conditions.  
 
Microscopic observations are an important measure of determining health and growth state 
of the cells during cultivation. The comprehensive characterisation of the newly isolated 
algal strains is an important component of building a strain library for industrial 
applications as it contributes to more accurate predictions of strain behaviour in field 
situations (e.g. the ability to change morphological characteristics such as size and cell wall 
shape colony formation or the formation of spines/bristles as protection mechanism against 
grazing [280]). 
 
The correlation between increasing OD750 and cell number is cell-specific and reflects the 
cell size, aggregation and/or morphological differences between algae strains (Figure 33). 
Consequently databasing OD750, cell number and cell morphology data for each isolate, 
under specific growth conditions into one database, provides valuable information for their 
characterisation and the selection of new isolated algae strains for industrial applications. 
Although these data are relatively simple to generate they are time consuming when 
processing 100 or more strains at a time. Streamlining this process for all strains in a high-
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throughput screening pipeline directly from a microwell plate requires the 
implementation of new techniques such as e.g. flow cytometry [281]. 
 
Algae characterisation based on a classic morphological taxonomic approach is not 
sufficient to fully differentiate algae species diversity. The increasing availability of genetic 
information and number of molecular biology techniques has already demonstrated several 
genotypic species within one phenotypically described species [280]. This most likely also 
applies to nutrient requirements. Phenotypically very similar species can require different 
media compositions for fast growth, as has been shown in this study. The nutrient 
compositional diversity reflects genotypic diversity and its adaptation to environmental 
conditions (sampling location). This means that preferred nutrient optimisation profiles 
cannot be assumed to be the same for morphologically described species isolated from 
different geographic locations; consequently detailed taxonomic classification using 
bioinformatics approaches will be an ongoing aspect of algal screening projects. 
 
3.3.1.3 Integrated media design and microalgal screening 
The integration of media design and microbial growth screening enables the assessment of 
a wide range of microalgal performances for biomass production. Statistical screens for 
microalgae nutrient optimisation in a high-throughput and miniaturised manner enables a 
more cost effective and rapid method of optimising nutrient supply and resource utilisation 
than with conventional cropping systems (achieved in conventional agriculture over a few 
hundred years). When combined with effective cryo-preservation methods e.g. [270], 
libraries of strains with known nutrient preferences provide the additional opportunity to 
tailor the choice of strain to specific environments rather than the converse, including the 
opportunity for "succession planning". Highly defined media compositions for algal farming 
have the advantage of being less complex than soils agronomy (crop farming) and not as 
highly variable as naturally occurring aquatic ecosystems. Although simpler than the 
complex chemistry of soils, water chemistry still exerts its own limitations and interactions 
(such as nutrient solubility (e.g. Ca3(PO4)2, carbonates). Often pH-dependent nutrient 
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polymerisation and adsorption (e.g. Fe to surfaces), changes in redox state, physico-
chemical interactions, multiple equilibria of metal ions with chelating compounds that 
greatly affect solubility and bioavailability) must be taken into account when media 
formulations are designed for biotechnological processes. The large variation of conditions 
and the possibility to analyse several algae strains at a time in this high-throughput 
nutrient screening [272] also offers the opportunity to screen uncharacterised algae strains 
close to their isolation from the environment, and provides potential opportunities for 
cultivating uncharacterised strains which may otherwise be difficult to grow due to 
unusual or specific nutrient requirements and sensitivities. This rapid miniaturised 
nutrient screening process enables the integration of microalgal growth selection and media 
design and so the rapid identification of useful production candidates for more detailed 
analysis. The suitability of strains can be defined through process-orientated criteria for a 
specific product or application as determined from techno-economic and life cycle analysis. 
Biomass productivity represents one of the most important factors for economic viability 
to produce biofuels [106] (Figure 31). 
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Figure 31: Process optimisation scheme. The integrated media design and microbial screening targeted 
high efficiency microalgal biomass production in this study. The development of strain databases provides 
the base for various future product or strain specific process designs at larger scales. 
 
From the commercial operators perspective, the careful minimisation of nutrient inputs to 
the threshold point that does not adversely affect overall productivity is an important 
objective to achieve desirable techno-economic and life cycle analysis outcomes. Such that 
losses of redundant nutrients into water outflows is not a concern. Furthermore, in this 
study maximum productivity was more important than nutrient removal, so that the low 
favourable N:P ratios are feasible but could become a concern during scale up.  
 
This study aims to advance the mapping of robust central regions of nutrient repletion and 
reduce the search space of biochemically relevant nutrient concentrations. The 
comprehensive datasets obtained enable the identification of nutrient interactions and can 
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subsequently be explored to identify their physical, chemical or biochemical basis and 
to elucidate central mechanisms. Future work (potentially using the same screening 
technology [272]) can subsequently explore the ‘lower edges’ of repletion for process 
monitoring purposes at larger scale in an iterative screening fashion, and finally very 
detailed validation studies can be used to obtain quantitative data at those edges. The 
screening can be extended to include other nutrients such as Mo, Co, Vitamin B1 and B12 
but this will increase the statistical search space and reduce the number of strains that can 
be screened, or it can also be used for climate change research examining CO2 effects on 
microalgae and resulting nutritional shifts [282]. In combination with high-throughput 
methods of ionomics [283] data not only on the chemical composition and stoichiometry of 
the supply but also on the biomass composition could be generated. 
 
Scale Up: High efficiency algae biomass production at scale should generally be limited 
by light but not nutrients. In some cases nutrients may need to be maintained at a fixed 
concentration to minimise physic-chemical effects and toxicity. Scaling up the microwell 
plate screen to flask scale represents a 134-fold volume increase and involves a 6-fold light 
path increase from 5 to ~30 mm. The geometry of flask cultures is known to be suboptimal 
and the main reasons for decreasing growth performance are expected to be an earlier start 
of light limitation due to the light path increase as well as reduced gas exchange capability 
due to a decreased air to liquid surface area. 
 
The optimal nutrient combinations determined from the screens of this study cannot be 
seen as a definite formulation for larger scale cultivations due to the large amount of 
varied parameters. For example, for a rapidly agitated 5 mm deep culture of a microwell 
plate in a CO2 enriched environment it is unlikely to experience high levels of O2 
saturation, whereas a commercial system like a high rate pond usually has a 20-30 cm 
depth, nominal agitation (to keep energy costs down) and various configurations of 
sparging. At large scale each operational variable can lead to levels of O2 saturation which 
are higher (e.g. due to lower surface area to volume ratio) or lower (e.g. due to poorly 
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mixed areas having higher respiration and O2 consumption) and large scale ponds are 
susceptible to developing multiple zones of different biochemical properties. As an example 
all of these O2 outcomes affect the speciation of Fe and thus its bioavailability, but these 
operational variables can also affect the optimal levels for other nutrients. Nevertheless, 
these results provide valuable insights to be used as a guideline in larger scale nutrient 
optimisation trials. Maintaining species-specific optimal nutrient conditions at larger scale 
has the potential to improve preferential growth conditions of a target algae strain and 
hence biomass productivities. These conditions can be further optimised in detailed 
individual one-strain specific analysis using the same system [272] to refine the here 
studied media ingredients and additional media components such as sulphate or 
contaminating chemicals likely to occur in fertilisers used for production scale farming 
applications. 
 
Further, with lab scale trials the maintenance of culture purity is relatively established 
and thus there is little need for the consideration of contaminating microorganisms 
contributing to nutrient depletion of the culture. However as scale increases (especially 
with open systems) the level of contamination and hence the mass of nutrient embodied in 
the biomass which is not the intended species of production, can potentially become 
significant. The flask scale trials conducted here cannot elucidate all of the variables 
between micro scale and commercial scale but represent an important contribution 
towards larger scale validation trials. 
 
Predicting nutrient uptake: In addition to nutrient supply we also examined nutrient 
depletion in the media, though in ongoing improvements it will also be prudent to examine 
nutrient accumulation in the biomass. The combination of these two datasets can 
potentially lend additional insights into which species can undergo luxury uptake of certain 
nutrients (e.g. phosphate [284]) providing internal stores and defending against subsequent 
deficiency. As the understanding of nutrient assimilation becomes more complete the 
ability to predict patterns and build useful modelling tools for cultivation operators will 
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increase. From a commercial perspective operations generally need to be simplified as 
much as possible. Understanding the bearing of each nutrient upon the ultimate 
productivity outcomes enables the appropriate investment in equipment and services that 
are necessary to ensure business viability, while avoiding investment in monitoring 
variables of negligible impact. For commercial plant design, microalgae nutrient uptake 
data are critical to identify regularity of individual nutrient dosing intervals (such as e.g. 
dimensions of dosing equipment) to maintain optimal conditions and would have 
potentially important implications on the capital cost and operating costs of an algae 
cultivation system.  
 
Optimisation of phosphorous (P) and nitrogen (N) supply constitutes a critical part of 
environmentally sustainable and economically viable algae biomass production, especially 
for low value commodity products such as fuels. Nitrogenous nutrients are generally 
produced using atmospheric nitrogen (effectively limitless) and natural gas (finite but 
currently abundant) as an energy and hydrogen source, and while there are exceptions 
(e.g. mining of sodium nitrate) they are in the minority. Phosphorous on the other hand is 
an exclusively mined and non-renewable resource and therefore should be sourced from 
wastewaters or recycled wherever possible [95]. While nitrogen fertiliser supply (supplied as 
ammonia, nitrate or urea) is not approaching the same supply issues as phosphorous, it 
remains a significant financial and energetic cost for microalgae cultivation and its 
consumption must be properly managed. 
 
Extensions of the screening to additional applications: The screening technology 
can be further adapted to alternative cultivation scenarios and to explore the impact of 
other variables. It can for example be utilised to examine the possibility of dependence of 
optimal nutrient regimes on environmental factors like temperature, salinity, pH and light 
stress (i.e. what happens to the ideal nutrient conditions when these parameters are 
varied). Possible outcomes could be biochemical mechanisms for stress resistance, and key 
nutrients needed to enable this, as well as the identification of robust organisms for 
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particular aquatic environments (e.g. bioremediation of industrial wastewater 
contaminated with a particular compound). The potential for nutrient substitution is 
known and the detail of nutrient interactions during supply stress could be examined (e.g. 
if one ion species becomes limiting other nutrients can serve to compensate, such as Cu for 
Fe [285]). Additionally, in the emerging field of engineered high value products where 
microalgae are employed as protein expression systems, the efficacy of chimeric constructs 
developed with molecular biology can potentially be explored through the quantification of 
a reporter (e.g. GFP fluorescence) and its variation relative to nutrient formulation [286]. 
Cellular responses like motility, flocculation, synthesis of extracellular polysaccharide or 
morphological changes like spikes (as has been seen for M. pusillum (5_H4)) [287], and 
biochemical exudates could also be examined. 
 
Future improvements: Currently the temperature in the growth chamber varies slightly 
+/-1 ºC around 23 °C and humidity is uncontrolled and equals the humidity of the lab 
environment. Certainly the capacity to improve the temperature and humidity control is 
advantageous. These should be managed together as both impact evaporation and 
condensation. However, this may also reduce the life of the electronic equipment integral 
to the robotic workstation. Nevertheless it would be advantageous to have the capacity to 
manage highs (≥35 °C) and lows (≤20 °C) to be examined in their effect upon both 
individual species, and any impact upon nutrient effects. This could be part of a future 
more advanced system. 
 
Temperature also impacts upon evaporation and condensation which is small (given the 
short 3 day experiment timescale) but potentially significant. Condensation on the plate 
lids has a minor light scattering effect during the cultivation (of questionable importance), 
and while this is not a problem during the measurements (as the lid is removed by the 
robotic arm prior to insertion into the spectrophotometer) there is a small volume change 
due to this effect. We have been able to minimise this through utilising the LEDs as the 
illumination source, which reduces overall heatload, but alternative methods to address 
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this are desirable. Increasing the humidity in the chamber could reduce evaporation. In 
the screens performed as part of this experimental process ambient CO2 concentrations 
were maintained at around 1%. This could easily be increased with our system. However 
whether higher levels of CO2 are an improvement or not is a biological determined variable 
i.e. it is species specific as some strains benefit from high CO2 and some do not. 
 
3.3.2  Conclusions 
In conclusion this screen provides the basis for rapid systems optimisation from the point 
of novel strain isolation through to pilot scale trials and identified high-performance 
growth conditions for 100 microalgae. Using a dual screen approach (Screen 1 analysing N 
and P; Screen 2 analysing Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si) and a statistical Box 
Behnken design this complex multidimensional statistics space could be efficiently sampled 
and expanded to include 100 microalgae strains (25,100 individual trials and 602,400 time 
resolved data points for 100 strains). The best conditions aimed to yield the highest 
growth rates while minimising nutrient wastage through oversupply. In addition it enabled 
the analysis of elemental main effects (i.e. the most important statistical effects). Under 
photoautotrophic conditions the relative importance of these elemental main effects on 
growth rate was found to be: Ca (32 species) > Mg (32 species) > Zn (20 species) > Si (11 
species) > Se (6 species) > V (6 species) > Mn (4 species), Fe (4 species) > Cu (3 species) 
> B (1 species).  71% of all main effects detected were accounted for by Ca, Mg and Zn. 
The most important pair wise interactions in terms of their effect on growth rate were 
found to be Ca-Mg (16 strains), Mg-Zn (15 strains), B-Zn (13 strains), B-Se (13 strains), 
Mn-Zn (13 strains) and Zn-Si (14 strains). Of the 100 strains screened 90 were able to 
grow in acetate, 66 in cellobiose, 61 in pyruvate, 53 in succinate, 52 in aspartate, 47 in 
mannitol, 41 in glucose, 39 in arginine, 30 in sucrose and 26 in glycerol. The 
photoautotrophic growth rates obtained (0.067 h-1 from batch cultivation in flasks) are 
amongst the highest reported for microalgae and help to enable the development of high-
efficiency microalgae production systems. Furthermore the maximum specific growth rates 
of selected candidate strains of up to 0.289 h-1 for D. intermedius (1_C4) at microwell 
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plate scale compare favourably with previously reported literature values. Maximum 
specific growth rates of up to 0.067 h-1 for C. sorokiniana (7_B6) at flask scale and 
biomass densities of up to 2.78 g L-1 for C. pyrenoidosa (10_B9) also compare well with 
literature values for photoautotrophic conditions [212] (e.g. Tetraselmis striata achieved 
0.13 h-1 in photoautotrophic conditions [288], Chlorella sorokiniana achieved 0.142 h-1 in 
mixotrophic growth with glucose and biomass densities of up to 3.55 g L-1 [289]). 
 
3.3.3  Materials and Methods 
Algae strains: 100 algae isolates were obtained from an in-house established strain 
library holding a broad range of indigenous Australian species sampled from the east and 
south of Australia as described in [269]. Algae isolates were identified using morphological 
investigation and molecular classification by 18S and 16S rDNA analysis [269]. Sequences 
were aligned using nucleotide BLAST (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
against the ‘nucleotide collection (nr/nt)’ database. The eukaryote specific 18S primer 
sequences were 5’-ACCAGACTTGCCCTCC and 3’-CCTCCCGTTCAGACCA. The 16S 
universal primer sequences were 5′ (Uf: GAGAGTTTGATCCTGGTCAG) and 3′ (Ur: 
ACGGYTACCTTGTTACGACTT) [248]. The top 10 candidate strains were identified as 
Chlorella pyrenoidosa (10_B9), Chlorella sp. (11_H5), Micractinium pusillum (5_H4), 
Chlorella sorokiniana (7_B6), Chlorococcum sp. (12_02), Chlorella sorokiniana (12_A9), 
Chlorella sorokiniana (15_E4) (brackish water isolate), Chlorella sp. (20_G10), Chlorella 
sorokiniana (8_C4) and Desmodesmus intermedius (1_C4) and were selected based on 
their high growth rate, strain diversity (Figure 31: rDNA, morphology, geographic 
sampling site). 
 
Algal cultivation for high-throughput screens: Microalgae cells cultivated on agar 
plates (TAP + 0.3% yeast extract + 1.5% agar, 50 µmol photons m-2 s-1) were inoculated 
into 50 mL Tris-acetate-phosphate medium (TAP, pH 7, 23ºC, 120 µmol photons m-2 s-1, 
~120 rpm orbital shaking) [219] in 150 mL flasks. Algae strains that did not tolerate 
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acetate were grown in Tris Phosphate (TP, pH 7) media. Algal strains isolated from 
brackish water were cultivated in TAP media supplemented with 250 mM NaCl. Cell 
densities were measured (OD750 - a proxy for biomass) using a microwell plate reader 
(Infinite M200 PRO, Tecan Group Ltd, Switzerland). During log-phase growth the algal 
cells were collected by centrifugation (500g, 10 minutes, 25 ºC). The pelleted cells were 
washed once in 100 mM Tris buffer (pH 7.4) before being inoculated (to OD750 = 0.1) into 
sterile 96-well plates for Screen 1 & 2 nutrient trials. All algae strains were grown in 150 
µL of medium in 96-well plates (5 mm culture depth, 580 rpm mixing, 120 µmol photons 
m-2 s-1 continuous light, 23 ± 0.5 ºC and 1% ± 0.3% CO2 atmosphere (for detailed 
equipment and control descriptions see [272]). OD750 measurements were recorded at 3-
hour intervals using a spectrophotometric microwell plate reader (Infinite M200 PRO, 
Tecan Group Ltd, Switzerland). The maximum specific growth rate (µmax) was determined 
according to Equation 12. 
 
Equation 12: µmax = (ln OD750, n+1 – ln OD750, n) * (tn+1 – tn)-1] 
 
The cell doubling time (or generation time, td is described as [td = ln 2 * µmax-1]. 
 
Flask cultivation: Algal cells of the 10 selected candidate strains were collected during 
log-phase growth by centrifugation (500g, 10 minutes, 25 ºC), and washed once with 10 
mL 50 mM Tris buffer (pH 7.4). The candidate strains were then inoculated in 200 mL 
(134 fold volume increase compared to high-throughput screen) of individually optimised 
media ( 
Table 13) using a starting concentration of 106 cells mL-1. The algae strains were grown for 
2 weeks (~30 mm light path - 6 fold increase compared to high-throughput screen), 150 
rpm on orbital shaker, continuous light at 120 µmol photons m-2 s-1, 23 ± 0.5 ºC and 1% ± 
0.3% CO2 atmosphere. Culture growth was determined in 24-hour intervals. 
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Microscopy: Cell morphology and culture behaviour was monitored microscopically 
using an Olympus BX 41 or Nikon Ti-U inverted microscope (200, 400 and 1000x 
magnification). Cell count was performed using a Neubauer cell counting chamber (0.1 mm 
depth, 0.0025 mm2).  
 
Volumetric biomass yield YV (g L-1) was estimated using flask cultures by collecting 
3 x 10 mL in sterile 15 mL Falcon tubes (Becton Dickinson) every 4 days. Each sample 
was centrifuged (4,000xg, 10 min), and the cell pellet washed with 10 mL MilliQ water to 
remove medium salts, before being centrifuged again (4,000xg, 10 min). The initial culture 
supernatant after the first centrifugation step was carefully removed and used for nutrient 
analysis. For biomass dry weight analysis the pellet was dried until the weight remained 
constant (60 ºC, typically 3 days). The tubes were then weighed on a precision balance 
(Shimadzu AUW220D) and biomass dry weight determined by subtracting the 
predetermined weight of the empty tube. Volumetric productivity PV (g L-1 d-1) of the 
flask cultivations (batch) was determined using the quotient of the biomass yield over the 
cultivation time (Δt) [PV = YV * Δt-1]. 
 
Nutrient screen: A total of 100 isolated algae strains were analysed using the high-
throughput nutrient screen approach described in [272]. The first stage of the screen 
(Screen 1) optimises phosphate concentration (0, 2, 10 mM KH2PO4) as well as four N 
type (NaNO3, NH4Cl, (NH2)2CO and NH4NO3) at five concentration levels (0-30 mM) in a 
full factorial design for 24 algal strains simultaneously. The P and N source concentration 
values used in the full factorial design of Screen 1 were chosen to provide limiting 
conditions (0 mM), average literature values and excess conditions (10 mM KH2PO4; 30 
mM NaNO3 and NH4Cl or 15 mM (NH2)2CO and NH4NO3 to account for the number of N 
atoms in the source – i.e. NaNO3 has one N, while NH4NO3 has two N per molecule). The 
second part of the approach (Screen 2) uses a Box Behnken statistical design in which the 
nitrogen and phosphate conditions that yielded the highest growth rate in Screen 1 form 
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the mid point of this multidimensional Screen 2. The incomplete factorial Box-Behnken 
experimental design enables the measurement of primary elemental effects (e.g. Mg) and 
nutrient interaction (e.g. Mg-Ca) effects on microalgal growth rate. Specifically, Screen 2 
investigates three concentration levels (half the average ‘-1’, average ‘0’ and twice the 
average ‘+1’) for the elements Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si for 9 algal strains 
at a time (for media compositions see [272]). Selenium, vanadium, silicon, vitamin B1 and 
vitamin B12 are added to the Hutner’s trace elements [228] and used as a baseline in Tris-
HCl (100 mM) buffer. The statistically tested elements were provided as CaCl2 (0.85 mM), 
MgSO4 (1.5 mM), H3BO3 (0.184 mM), Fe2(SO4)3 (0.001 mM) (prepared in 0.536 mM Na2-
EDTA, pH 8), CuSO4 (0.0064 mM), MnCl2 (0.0258 mM), ZnSO4 (0.077 mM), Na2SiO3 
(0.273 mM), (NH4)6MoO4 (0.00089 mM), CoCl2 (0.0067 mM) representing the baseline 
concentrations (coded as “0”). The trace elements Mo (0.00089 mM (NH4)6MoO4), Co 
(0.0067 mM CoCl2) and Vitamins B1 (52 μM) and B12 (0.1 μM) are kept constant. Both 
Screens 1 and 2 measure the rates of change in optical density (OD750) to define specific 
growth rate as a proxy for biomass production. 
 
Growth pattern analysis: Screen 2 tests 180 experimental conditions per algae strain. 
In each individual condition 6 elements are set to baseline concentration (coded as “0”) and 
4 elements are set to half or double the baseline concentration (coded as “-1” or “1” 
respectively). The only exceptions are the 20 “centre point” growth conditions that 
represent the selected ‘best’ Screen 1 condition. These 20 controls are randomly distributed 
throughout the 180 wells of Screen 2. Each element results in 32 growth rates at low and 
high concentrations and 116 growth rates at baseline concentration (including the centre 
points). The average specific growth rate at each of the three concentrations was 
calculated and then classified into the pattern categories A, B, C and D (Table 14). If the 
change of specific growth rate due to a change of nutrient concentration was significant (p 
≤ 0.05) for a certain element then its growth pattern was considered for further analysis 
(see Figure 27). 
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Table 14: Growth rate pattern analysis. Figure 27A describes 4 growth patterns A, B, C and D based 
on the observed growth rates at low, medium and high elemental levels (“-1”, “0”, “1”). This table defines the 
method of pattern classification used. 
Growth pattern Requirements 
A µmax,-1 < µmax,0 µmax,0 < µmax,1 |(µmax,0 - µmax,-1)| < |(µmax,0 - µmax,1)| 
B µmax,-1 < µmax,0 µmax,0 < µmax,1 |(µmax,0 - µmax,-1)| > |(µmax,0 - µmax,1)| 
C µmax,-1 > µmax,0 µmax,0 > µmax,1 |(µmax,0 - µmax,-1)| < |(µmax,0 - µmax,1)| 
D µmax,-1 > µmax,0 µmax,0 > µmax,1 |(µmax,0 - µmax,-1)| > |(µmax,0 - µmax,1)| 
 
Both screens include triplicate photoheterotrophic growth condition controls in the form of 
TAP medium [219] to enable comparisons between experimental runs of the same strain 
(quality control) as well as to photoautotrophic/ photoheterotrophic/ mixotrophic growth 
potential. In addition to the different photoautotrophic media used, nine organic carbon 
sources other than acetate were tested as supplements for photoheterotrophic/ mixotrophic 
growth. Glucose, glycerol, sucrose, succinic acid, mannitol, L-aspartic acid, L-arginine, 
pyruvate and cellobiose were provided at 17 mM concentration. Microalgal growth rates in 
media containing acetate as an additional carbon source (TAP controls) are expected to be 
higher than rates in photoautotrophic growth conditions as energy is not required for CO2 
fixation. The screen is designed to identify optimal regions of nutrient search space and 
has shown robust statistical reliability both in terms of repeatability and reproducibility 
[272] providing the basis for subsequent high precision nutrient analysis using conventional 
assays [272]. 
 
Nutrient analysis: The nutrients ammonia (sum of ammonium and ammonia), 
phosphate, nitrite and NOx (sum of nitrate and nitrite) are analysed on a Lachat 
QuikChem8500 Flow Injection Analyser (FIA). 
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Ammonia: The method is based on the Berthelot reaction and the Lachat QuikChem 
Method 31-107-06-1-B. Ammonia reacts in alkaline solution with hypochlorite to form 
monochloramine, which, in the presence of phenol, catalytic amounts of nitroprusside and 
excess hypochlorite, gives indophenol blue. The indophenol blue measured at 630nm is 
proportional to the original ammonia concentration. 
 
Nitrite: The method is based on the Lachat QuikChem Method 31-107-05-1-A. Nitrite is 
determined by diazotisation with sulfanilamide under acidic conditions to form a 
diazonium ion. The resulting diazonium ion is coupled with N-(1-naphthyl)ethylenediamine 
dihydrochloride. The resulting pink dye absorbs at 520 nm. 
 
Nitrate: The method is based on the Lachat QuikChem Method 31-107-04-1-A. Nitrate is 
quantitatively reduced to nitrite by passage of the sample through a cadmium column. 
The nitrite is then determined by diazotisation with sulfanilamide under acidic conditions 
to from a diazonium ion. The resulting diazonium ion is coupled with N-(1-naphthyl)-
ethylenediamine dihydrochloride. The resulting pink dye absorbs at 520 nm. Nitrate 
concentrations are obtained by subtracting nitrite values, which have been previously 
analysed, from the nitrite+nitrate values. 
 
Phosphate: The method is based on the Lachat QuikChem Method 31-115-01-1-G. 
Orthophosphate ion reacts with ammonium molybdate and antimony potassium tartrate 
under acidic conditions to form a blue complex, which absorbs light at 880 nm. The 
absorbance is proportional to the concentration of orthophosphate in the sample. 
 
Metal ions were analysed by ICP-OES (Inductive coupled plasma optical emission 
spectrophotometer) using a Perkin Elmer Optima 7300DV (Al (396.153 nm): As (193.696 
nm), B (249.677 nm), Ba (233.527 nm), Ca (315.887 nm), Cd (214.440 nm), Co (228.616 
nm), Cr (205.600 nm), Cu (324.752 nm), Fe (238.204 nm, 239.562 nm), K (766.490 nm), 
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Mg (279.077), Mn (257.610 nm), Mo (203.845 nm), Na (589.592 nm), Ni (231.604 nm), 
P (214.914 nm), Pb (217 nm), S (181.975 nm), Se (196.026 nm), Si (251.611 nm), Zn 
(206.2 nm)). The initial sample digestion with 10% (v/v) nitric acid was conducted using a 
MARS Xpress microwave with Teflon tubes (10 minutes at 160 oC and then 10 minutes at 
170 oC). The detection limits are between 1 to 10 ppb depending on the element and 
sample composition. The pH was kept below 2. Samples were kept at room temperature to 
avoid any precipitation. The Optima 7300 DV is run with Argon as plasma gas (15 L min-1 
plasma flow rate, 0.2 L min-1 auxiliary flow rate, 0.8 L min-1 nebuliser flow rate). Three 
readings of each sample were analysed (1 mL min-1 sample flow rate, 40 s flush time).  
 
A compact Dionex ICS-2000 ion chromatograph (IC) with a DS6 heated conductivity 
detector (35 oC) was used to analyse chloride and sulphate concentrations. Preceding the 
conductivity detector a Dionex ASRS-ULTRA II 4-mm suppressor (131 mA) was attached. 
The samples were injected with a Dionex AS50 autosampler. The data processing was done 
with the Dionex Chromelon software. A potassium hydroxide gradient was applied with 
the Dionex automatic eluent generator using an EluGen cartridge (EGC II KOH). The 
gradient started at 12 mM KOH, and was increased in 5 minutes to 34 mM where it was 
kept for 3 minutes. Next a one minute ramped up period raised the KOH concentration 
from 34 to 52 mM and this concentration was maintained for another 11 minutes. The 
data acquisition time is 20 minutes and the total analysis time 25 minutes. The eluent was 
degassed with a Dionex ICS-2000 degasser. The injection volume was 25 μL and the flow 
rate 1 mL min-1. The separation was achieved with a Dionex IonPac AG18 (4x50mm) 
guard and an IonPac AS18 (4x250 mm) separating column. Both columns were heated to 
35 oC. 
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3.4  Supplementary Material 
 
 
Figure 32: Graphic summary of the experimental progression (steps 1-13) of media 
optimisation and microalgae strain selection. 1) Nutrient Screen 1 optimises phosphate concentration 
(0, 2, 10 mM KH2PO4) as well as N type (NaNO3, NH4Cl, (NH2)2CO and NH4NO3) and concentration (0 to 
30 mM using four concentrations). For data compression purposes 3 phosphate and 4 nitrogen concentrations 
were tested to include typical literature values as well as conditions expected to result in nutrient limitation 
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and excess. Ranges can be refined in subsequent runs if required. 2) For data compression purposes 
Nutrient Screen 2 uses a Box-Behnken design in which the nitrogen/phosphate condition that yielded the 
highest growth rate in Screen 1 are selected as the basal medium in which all other nutrients are varied. The 
conditions yielding the highest growth rate in Screen 1 form the 20 ‘centre point’ of Screen 2 (see circled 
wells) and these also provide robust statistical replicates. The multidimensional design of Screen 2 uses three 
concentration levels (−1, 0 and +1) for the 10 elements considered to have the next greatest effect on growth 
(i.e. Ca, Mg, Fe, Cu, Mn, Zn, B, Se, V and Si). The trace elements Mo, Co and vitamins B1 and B12 are kept 
constant due to space constraints (264 conditions per strain see ‘Materials and methods’). Subsequent trials 
can be used to optimise these if required by exchanging them for elements found to have little effect on 
growth (e.g. Step 10: Fe, Cu and B). 3) Screens 1 and 2 are designed to measure the rate of change in 
optical density (OD750) to define specific growth rates as a proxy for biomass production for each of the 264 
conditions tested. 4) The maximum specific growth rate of an algae strain depends on nutrient 
concentration. The detection of a significant difference in growth rate (i.e. p   0.05) for a given nutrient 
across the three tested concentrations (low, medium and high) indicated the presence of a ‘main effect’. 5) 
Statistically significant pairwise nutrient interaction analyses of growth rates (p   0.05) are next identified. 
6) The strain specific ‘nutrient characterisation summary’ provides information related to the best N–source 
and concentration as well as P–concentration and highlights the nutrient main effect (blue circled element) 
and pairwise element interaction (orange line). 7) Steps 7 and onwards collate information about multiple 
strains (e.g. the 100 strains analysed). Step 7 summarises the frequency with which species best grew in the 
four nitrogen types (NaNO3 yellow, NH4Cl green, NH4NO3 red and (NH2)2CO blue) and their 
concentrations). For example 10 strains grew best in 13.2 mM NaNO3 (yellow). The corresponding results for 
phosphate are shown in black. 8) Distribution of the maximum specific growth rates of the 100 algae strains 
as a function of atomic N:P ratio. The boxed data points highlight conditions yielding the fastest growth 
rates identified in Screen 1. 9) Summary of nutrients effects on the growth of 100 algae strains. Growth 
responses follow the concentration dependent patterns A, B, C and D. For example patterns A and B shows 
that a given element yields increased growth rate with increasing concentration, while C and D show that 
increased nutrient concentration results in a decrease in growth rate. Based on this can be seen at the 
addition of Mg, Ca and Zn largely increased growth rates in the range tested, while Si tended to have a 
negative effect. The influence of magnesium on growth rate was also found to be considerably higher than for 
boron. Based on this analysis, algae producers can identify the nutrients that are most important to monitor, 
to ensure high productivity. The number of strains showing specific elemental pairwise interactions has 
detailed the radial plot. 10) Statistical main effects on algae growth rate as a function of supplied nutrient 
elements sources from Screen 2 experimental conditions, sorted by the N-type provided. This shows that 
under the conditions tested Ca, Mg and Zn had the greatest effects across all four N types. B, Cu and Fe had 
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the least effect under the tested conditions. 11) The number of strains able to grow on CO2 and a range 
of organic carbon sources. 12) Screen-based improvements and flask validation of the 10 best performing 
algae candidate strains. Maximum specific growth rates in TAP medium provide positive control (acetate is 
the carbon source) with which the specific growth rates obtained under photoautotrophic Screen 1, Screen 2 
and flask trial conditions are compared. The mean of the µmax values obtained for the 180 Screen 2 conditions 
tested for a given strain, was in all cases higher than the best condition Screen 1. The best Screen 2 
conditions were significantly higher in all cases and close to the positive TAP controls confirming the success 
of the screen. 13) Shows photographs of flasks of the top 10 algae candidates in their best production media 
after 308 hrs of growth in the presence of 1% CO2. Biomass concentrations attained (g L-1) and its rate of 
increase over the 308 h batch cultivation are also shown. 
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Figure 33: Algal strain specific correlation of OD750 and cell number for 10 biomass production 
candidates. 
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Figure 34: Strains ranked according to µmax and the main effect patterns (Figures 2 A, B, C 
and D) for each element tested. 
 
 
 
Table 15: Algal candidate strains for high biomass production (name, rDNA sequences). 
Strain rDNA Sequence  
Chlorella 
pyrenoidosa 
(10_B9) 
GGGCTAGATGTACTCGTTCTTTTACCTTACCTGATAAGGCCCAGTATTGTTA
TTTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTG
CCTTCCTTGGATGTGGTAGCCGTTTCTCACGCTCCCTCTCCGGAATCGAACC
CTAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGA
AAGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACAAGGCCATGCG
ATTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCT
TTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAG
CTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATA
ACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTA
GACATGCATGGCTTAATCTTTGAGACAAGCATATGACTACTGGCAGGATCAA
CCAGTAGAGACACGCTGAGTCGGAGACACGCAGGGATGAGATGGGCTGGAA
AAAAATC 
Chlorella sp. 
(11_H5) 
TAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTATT
TATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGCC
TTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCT
AATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAA
GTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACAAGGCCATGCGAT
TCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCTTT
TATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAGCT
CTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATAAC
TGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTAGA
CATGCATGCTAATCT 
Ca A     A B  A    A B   A   B    C  D    A C  B    A A   A A A  B A  A   A   A    A                 A         B          C     
Mg    B A B A B   B B    B   B C   D B   B  B   B B   A B     B    A A B B   A A  A    A          A       A               B   A      
Zn B  B  B      B A B A A       B   B   B A      A   A B B    A   B                A D                                  
Si            C              A                   A            D        D          A         C             D D 
Se                  A                                      A                          B       C   C      C 
V              B                        B               A        A  A    C                                
Mn         A                    C  A                      B                                              
Fe                             D            A                         D                          B       
Cu                                  B                            A                              B       
B D                                                                                                  
Strains sorted by mean µmax,Screen 2 
Ca   B  C D   A C    A  B    A    B A     A   A    A   A     B  A         C  A  A    A B    A A      B A                    A A 
Mg A B B B B B  A B A B B C  B B    B B A   B A A  D B   A   B A B  A A        B      A   A 
Zn  B    B A B      B B  B B   B D  A B  A B A    A A          A A B   
Si  A   C             D  C A D  A         D  D         
Se                  C    C    A B   A   C         
V                A   C     A A  B B                 
Mn  A       A         B    C                      
Fe                   D A         D     B         
Cu                A            B     B         
B                                     D                                                                
Strains sorted by sampling origin (boxed) 
M
ai
n 
Ef
fe
ct
s  
M
ai
n 
Ef
fe
ct
s  
A 
B 
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Micractinium 
pusillum (5_H4) 
TAGATTGTACTCATTCCATTACCAGACCTGAAAAGGCCCAGTATTGTTATTT
ATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGCCT
TCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCTA
ATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAAG
TTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACGAGGCCATGCGATT
CGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCTTTT
ATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAGCTC
TAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATAACT
GATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTAGAC
ATGCATGGCTTAATCT 
Chlorella 
sorokiniana 
(7_B6) 
TAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTATT
TATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGCC
TTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCT
AATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAA
GTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCGCAAGGCCATGCGA
TTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCTT
TTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAGC
TCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATAA
CTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTAG
ACATGCATGCTAATCT 
Chlorococcum sp. 
(12_02) 
TTTACTTGTACTCATTCCAATTACCAGACATAAATGCCCAGTATTGTTATTT
ATTGTCACTACCTCCCCGTGTCGGGATTGGGTAATTTGCGCGCCTGCTGCCT
TCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCTA
ATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAAG
TTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACAAGGCCATGCGATT
CGTGAAGTTATCATGATTCGCCTAAGGTCGGGCAAGCCCGGCTGGCCTTTTA
TCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCATGTATTAGCTCT
AGATTTCCTACGGTTATCCAAGTAGGAGGTACCATCAAATAAACTATAACTG
ATTTAATGAGCCATTCGCAGTTTCACCGTATAAGCAGTTTATACTTAGACAT
GCATGGCTTAATCTT 
Chlorella 
sorokiniana 
(12_A9) 
TTAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTAT
TTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGC
CTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCC
TAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAA
AGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCGCAAGGCCATGCG
ATTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCT
TTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAG
CTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATA
ACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTA
GACATGCATGGCTTAATCTT 
Chlorella 
sorokiniana 
(15_E4) 
TAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTATT
TATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGCC
TTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCT
AATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAA
GTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCGCAAGGCCATGCGA
TTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCTT
TTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAGC
TCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATAA
CTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTAG
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ACATGCATGGCTTAATCT 
Chlorella sp. 
(20_G10) 
TTAGATTGTACTCATTCCATTACCAGACCTGAAAAGGCCCAGTATTGTTATT
TATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGCC
TTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCT
AATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAA
GTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCACGAGGCCATGCGA
TTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCTT
TTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAGC
TCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATAA
CTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTAG
ACATGCATGGCTTAATCT 
Chlorella 
sorokiniana 
(8_C4) 
TTAGATTGTACTCATTCCAATTACCAGACCTGAAAAGGCCCAGTATTGTTAT
TTATTGTCACTACCTCCCTGTGTCAGGATTGGGTAATTTGCGCGCCTGCTGC
CTTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCC
TAATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAA
AGTTGATAGGGCAGAAATTTGAATGAAACATCGCCGGCGCGAGGCCATGCG
ATTCGTGAAGTTATCATGATTCACCGCGAGTCGGGCAGAGCCCGGTCGGCCT
TTTATCTAATAAATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAG
CTCTAGATTTACTACGGGTATCCGAGTAGTAGGTACCATCAAATAAACTATA
ACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAAGCAGTTTATACTTA
GACATGCATG 
Desmodesmus 
intermedius 
(1_C4) 
TTAGATTGTACTCATTCCAATTACCAGACATGAAATGCCCGGTATTGTTATT
TATTGTCACTACCTCCCCGTATCAGGATTGGGTAATTTGCGCGCCTGCTGCC
TTCCTTGGATGTGGTAGCCGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCT
AATCCTCCGTCACCCGTTACCACCATGGTAGGCCTCTATCCTACCATCGAAA
GTTGATAGGGCAGAAATTTGAATGGAACAGCGCCGGCGCAAGGCCATGCGC
TTCGTGAAGATATCATGATTCACCGCGGGTCGGGCAGAGCCCGGTCGGCCTT
TTATCTAATATATACGTCCCTTCCAGAAGTCGGGATTTACGCACGTATTAGC
TCTAATTTTCTTACGGTTATTCCGAGTAAGAAGGTACCACCAAATAAACTAT
AACTGATTTAATGAGCCATTCGCAGTTTCACAGTATAAGCAGTTTATACTTA
GACATGCATGGCTTAATCT 
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Table 16: Number of algae strains showing pairwise interactions effects on growth 
performance. 
  Mg Ca Zn Si V Se Fe Mn Cu B 
Mg     No. of Strains     
Ca 16           
Zn 15 6          
Si 11 12 14         
V 8 3 2 7        
Se 12 4 5 12 6       
Fe 9 7 6 6 6 8      
Mn 7 6 13 10 7 4 8     
Cu 9 7 1 7 3 6 5 5    
B 10 8 13 3 9 13 4 3 3  
sum 97 69 75 82 51 70 59 63 46 66 
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Chapter 4 
4 Scale Up – Field experiments at pilot scale in 
different photobioreactor designs 
4.1  Mass cultivation of microalgae and process management 
This section describes the characteristics of algae cultivation and the optimisation of 
microalgae production processes. 
 
Mass cultivation of microalgae can be performed in open systems (mostly referred to as 
high rate ponds), closed systems (photobioreactors) or hybrids of both. For commercial 
microalgae production a cultivation system design must be chosen carefully to suit the 
targeted final product, the location (environmental conditions) as well as the production 
strain and possible associated legislative restrictions (e.g. GMO release requirements). 
Contrary to natural habitats where weather events dictate environmental conditions, 
achieving high productivities for an industrial production requires a controlled cultivation 
process including the monitoring of culture parameters and response on changes such as 
pH shift.  
 
Cultivation system designs: Open cultivation systems are e.g. natural, circular or 
raceway ponds, and they offer simplicity of designs, low capital cost and a relatively easy 
scalability. In commercial production, raceway systems are the most common and consist 
of a circuit of parallel channels in which the microalgae culture is circulated (e.g. by a 
paddle wheel or pumps) (Figure 35). Disadvantages however include higher evaporation 
rates, poor light distribution, dilute cultures which increase the cost of harvesting, nutrient 
and biomass dilution with rainfall and higher susceptibility to contamination. Advanced 
pond systems are often called High Rate Pond (HRP) and are relatively shallow, mixed by 
paddlewheels (or equivalent) and the cultivation solution traverses in a circuit (regardless 
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of shape) leading to reduced energy consumption and water usage, optimised water 
depths and increased algae biomass yields.  
 
In contrast, photobioreactors (PBRs) provide a largely closed environment, which allows 
more accurate control of culture parameters compared to HRPs. A wide variety of designs 
have evolved with flat panel PBRs (e.g. Subitec; Arizona State University; Green Wall 
Panel, University of Florence) and tubular PBRs (e.g. Roquette GmbH Kloetze, Germany; 
Las Palmerillas, Spain) being the most common designs used for outdoor cultivation 
(Figure 35). Others include baffle flat panel PBRS (Subitec) and suspended panel systems 
(e.g. Proviron). The designs can be further classified into horizontal, inclined, vertical or 
spiral setups. Other designs include biofilm reactors or hybrid systems that combine 
features of HRP and PBRs and include for example PBRs immersed in water pools or 
floating PBRs (e.g. ProviAPT, Belgium; AlgaeStream SA, France and Djerba, Tunesia). 
Each PBR design has its own characteristics and each differs for example in mixing and 
fluid dynamics, light dilution properties, surface area to volume ratio (SA:V), illumination 
per footprint area, gas exchange and mass transfer. The main drawbacks for most closed 
PBR designs compared to open cultivation systems are the high capital and operating 
costs, a more difficult scalability and they can often have a negative energy balance 
especially when embodied energy is considered [290-292]. These factors have held back the 
commercial application of PBRs for low value biocommodity products from microalgae 
(e.g. feed and fuel). The more applicable production scenario using PBR systems to date is 
the production of higher value products such as secondary metabolites, pharmaceuticals, 
food additives, vaccines or cosmetics to name only a few (e.g. Cognis, Cyanotech, 
Solazyme). The major advantage of PBR systems is that they achieve much higher 
product yields per unit area due to a more optimised supply of light whether the product 
is biomass, a secondary metabolite or an overexpressed protein of desire. Other advantages 
include higher culture density, light dilution to minimise NPQ losses, less evaporation, 
lower contamination, the ability to filter out IR heat load and minimising stress can in 
itself reduce aggregation and increase product quality. 
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Figure 35: Photographs of microalgal cultivation systems installed at the Solar Biofuels 
Consortium, Brisbane, Australia. It shows the outdoor pilot-scale testing facility (A) equipped with 
HRP systems (B), flat panel PBRs (C) and tubular PBRs (D).  
 
Light dilution and larger surface area to volume ratios are addressed by vertical systems to 
minimise photoinhibition and hence increase photosynthetic efficiencies. While under 
laboratory conditions glass is commonly the preferred construction material for PBRs, 
mainly for sterilisation reasons, to date clear plastics are often preferred for commodity 
products to reduce costs. However, material durability plays an important role for 
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production costs due to UV radiation in outdoor cultivation setups and requires case-
specific analysis. 
 
4.1.1  Performance comparison 
Photosynthetic performance of a microalgae can be measured in terms of energy 
conversion efficiency (PCE, see chapter 1.1.5) or energy conversion rate (productivity), 
both of which can be used to compare the performance of different cultivation system 
designs.  
 
Algae culture performance is often stated in terms of growth rate µ (h-1 or d-1) which 
measures the increase in biomass per unit time. However, a high growth rate (µ) is not 
necessarily equivalent to a high productivity P (e.g. g.m-2.d-1). Productivity is the product 
of specific growth rate and the biomass that is increasing at that rate, and gives the 
biomass yield Y (g.L-1). The productivity can be expressed as volumetric biomass 
productivity Pvol (g.L-1.d-1) (Equation 13) and areal biomass productivity Pareal (g.m-2.d-1) 
(Equation 14) representing the daily biomass increase per unit reactor volume (Vreactor) or 
reactor footprint (Afootprint), respectively. Productivity can also be expressed as PSA (g.m-
2.d-1) (Equation 15) defining biomass produced per unit of illuminated surface of a reactor. 
This value is dependent upon the surface area to volume (SA:V) ratio of a cultivation 
system and illustrates how efficient the unit volume of a reactor has been used. 
 
Equation 13:  Pvol  = ΔY × Δt-1  
Equation 14:  Pareal  = ΔY × Δt-1 × ΔAfootprint-1  
Equation 15:  PSA  = ΔY × Δt-1 × ΔAilluminated surface area-1 
 
When calculating areal productivity, the empty or unused space, e.g. between horizontal 
tubular systems or between flat panels, must be accounted for and considered as ‘used’ 
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area. In addition, data extrapolation from a single reactor unit (from modular PBRs) 
to a scaled-up system must also take this ‘unused’ space into account (e.g. distances from 
flat panel modules to each other). Peripheral effects at the edges of arrayed PBRs are also 
important when comparing different cultivation designs for scale-up. Edge effects can be 
simulated by using PBR dummies to surround the experimental unit at pilot scale. Data 
from a short time period of cultivation should also not be extrapolated without considering 
seasonal variation leading to different productivities over the year. Furthermore, the 
photosynthetic performance will change during the cultivation process of a batch regime 
because self-shading of the algae cells increases with cell density. Photosynthetic rates are 
closely related to specific growth rates and reveal that success of large-scale microalgal 
culture depends strongly on the optimisation of illuminated surface area to volume ratio 
and the illumination regime. However, the light response of a single algal cell depends not 
only on how deep or thick a culture is, but also on the position of the cell at a given time, 
which in turn depends on mixing. Theoretically, the thinner a bioreactor is or the better 
the mixing is, the more likely it is to have just one growth zone in which the conditions 
are constant or at least less changing. 
 
4.1.2  Transfer of scale 
Smaller-scale analyses in e.g. flasks or microwell plates help to determine whether the 
criteria for optimal productivity at larger scales can be met. In turn, analyses at larger 
scales provide context and constraints for analyses at smaller-scale systems and helps to 
define criteria for the optimisation for high efficiency systems. At larger scales engineering 
parameters become more important and practical engineering efforts should aim to provide 
solutions to make a process more economically viable while also reducing ecological 
impacts. As a rule of thumb, system designs as well as inoculum preparation should be 
scaled up step-wise in approximately 10-fold volume increases. Inoculum scale up alone 
becomes a more planning intensive procedure for field trials larger than about 100 L. The 
data density of larger scale cultivation increases can also dramatically increase when using 
online probes that record and enable control of culture parameters. Providing valuable 
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monitoring data also requires suitable data logging software and ideally automated 
algorithms enabling automatic control of a targeted culture condition. In outdoor 
cultivations environmental conditions (e.g. light intensity, temperature, precipitation, 
cloud coverage, wind, and pressure) and internal system conditions (e.g. pH, temperature, 
salinity, nutrient concentration, gas exchange) need to be measured. 
 
Culture parameters are strongly linked to each other and therefore need to be analysed as 
a whole instead of individually. This has been described previously in chapter 2.1 for the 
example of nutrients but also applies for all other parameters. For example, there are 
strong interactions between temperature and light [293, 294] for two reasons. First, the 
higher the SA:V of a cultivation system the greater the IR radiation incident upon the 
reactor surface, which in turn increases the heat load on the system. Second, microalgae 
have strain specific preferences (biological adaptations) for temperature ranges they grow 
best in. Increased photosynthetic rates can therefore theoretically be achieved by 
temperature optimisation. It has been suggested that the optimal temperature for 
photosynthesis increases with increasing light intensity, however, this is clearly limited for 
any biological system as proteins denature at about 60 °C. 
 
Harvesting generally describes the separation of solids from liquids (i.e. dewatering) and its 
efficiency depends on several factors including particle size and viscosity. In larger scale 
cultivation it comprises a substantial amount of the overall production costs and requires 
careful attention when designing and optimising an industrial production process. 
Regardless, this section of microalgal process optimisation is not part of this study and 
instead represents a whole research field on its own (see review [295]). 
 
4.1.3  Process control 
Process control aims to maintain the culture at optimal growth conditions to maximise 
productivity. Growth rates and maximum biomass yields are specific for different system 
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designs due to differences in factors such as SA:V ratio and light supply. Successful 
process control requires suitable dimensioning and drivers of dosing equipment (e.g. 
nutrients, water, CO2, base or acid, crop protection agents, anti-foam agent) to balance 
and maintain process parameters at adequately fast time scales and to attain high energy 
efficiency. Monitored data must be analysed in the context of reactor specific mixing 
properties, possible ‘dead-zones’ (non-mixed areas), sensor responses after dosing before 
they are translated to a control response to the system. In industrial control systems a 
proportional-integral-derivative (PID) controller is most commonly used, which is a control 
loop feedback mechanism. They require cultivation system and variable specific 
optimisation, such as tuning of the individual control loop feedback parameters and terms 
(proportional band/gain, integral gain/reset, derivative gain/rate). This is a difficult 
process and in the worst case poorly controlled systems can increase the oscillation 
amplitude around a set-point value (e.g. the controller repeatedly makes adjustments of 
excessive magnitude which are then overshooting the target) and lead to an unstable 
system which can cause a culture crash (e.g. sudden environmental changes, such as a rain 
event on a sunny and hot day or emerging winds blowing in large amounts of 
contamination). The development of system specific computer simulations is one option to 
improve process control without wastage of valuable resources, time or biomass. 
 
For commercial production systems (rather than at the pilot scale optimisation stage), 
controllers, sensors, and the measurement of relevant parameters should be simplified as 
much as possible to maximise cost/benefit, ERoEI and efficiency. Ideally, growth and 
production models can also help to identify which of the ‘easy-to-measure’ parameters can 
be used and how they can be implemented to predict culture behaviour and hence optimise 
process control to reduce costs and increase cultivation robustness. Thus, ensuring robust 
and durable microalgal biomass production requires on-going process optimisation to 
respond to continuously changing conditions such as weather, abrasion or wear of 
materials (e.g. tubes, pumps), water quality or nutrient quality. 
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4.1.4  Process regimes for microalgal cultures 
Ideally, to achieve maximal biomass productivity, phototrophic growth should only be 
limited by light. To understand the differences of commonly used process regimes the 
typical growth behaviour needs to be understood. Typically a batch growth curve consists 
of ‘lag phase’, ‘initiation log growth phase’, ‘exponential growth phase’, ‘declining growth 
phase’, ‘stationary growth phase’ and ‘death phase’. The ‘lag phase’ occurs commonly at 
the start of the cultivation during the time the cells need to adapt to a new environmental 
condition and in which they do not replicate but reprogram metabolic processes. To 
increase overall biomass productivity the lag phase should be kept as short as possible. 
The culture then transitions into an ‘initiation log phase’ of high cell division rates (this is 
equivalent to a ‘reaction ignition’ in the field of chemical engineering). Typically, nutrients 
are available in excess (but not at toxic/inhibitory concentrations) in this growth phase. In 
the ‘exponential phase’ the growth (=cell division) and continues at the same rate with 
increasing cell concentration (=biomass yield) until the consumption of resources 
(nutrients or light energy) by one cell affects the amount available for the other cells (e.g. 
mutual shading, nutrient consumption) and the ‘declining growth phase’ is reached. 
During this phase biomass yield still increases but at a lower rate as some cells stop 
dividing or might die due to local resource limitation, while others still divide. Once the 
cell division rate equals the rate of cell death, ‘stationary phase’ is reached, with the 
overall biomass yield remaining constant (µ=0). When the environmental conditions can 
no longer support cellular metabolisms the microalgae start to die more rapidly, resulting 
in the ‘death phase’. However, it is also possible that the metabolic reactions are reduced 
to a minimum so that the culture density no longer increases but cell death is not caused. 
So called ‘culture crashes’ are the result of a very rapidly occurring death phase. 
 
In biotechnological processes it is possible to maintain a culture at a target growth phase 
using a continuous cultivation regime. In laboratories this is achieved by simultaneously 
feeding fresh media (feed flow rate F) and harvesting (effluent) the culture at the same 
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rate (inflow=outflow) to keep the culture volume (V) constant. The resulting dilution 
rate (D) equals the specific growth rate (µ) and is defined by the quotient of the feed flow 
rate (F) to working volume (V). For a batch regime cultivation the dilution rate (D) 
equals zero. For biotechnological processes using bacteria or fungi, this is a relatively 
straightforward application, typically involving the provision of organic carbon sources for 
energy supply (heterotrophic cultivation) as well as other nutrients. In this situation the 
main energy source is in the form of organic C in the media feed and it acts as the limiting 
substrate with its concentration determining the growth rate. It is handled commonly 
using ‘turbidostat’ or ‘chemostat’ regimes, to maintain a physiological ‘steady state’ in 
which all culture parameters remain constant. While the ‘chemostat’ controls the dilution 
rate solely using a fixed volume and flow rate, the ‘turbidostat’ regime uses continuous 
optical density readings (e.g. turbidity) as a measure for biomass concentration to control 
the flow rate keeping the biomass concentration constant accordingly. The ‘turbidostat’ 
regime is therefore able to react on unforeseen changes such as mutating cells, 
irregularities of equipment or environmental conditions. However, cell aggregation and a 
high content of other solids (e.g. precipitates, dirt and contaminating organisms) in the 
cultivation media can disturb the accuracy of turbidostat process control. The closer the 
dilution rate of a steady state is kept to the maximum specific growth rate (µmax) the more 
difficult it is to maintain a robust cultivation. In this case turbidostat mediated process 
control is preferred over a chemostat regime (Figure 36). When the dilution rate is higher 
than µmax the population starts to be diluted out of the system (Dcritical). This effect can 
also be used to wash out slower growing competing microorganisms in the culture. 
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Figure 36: Dependency of biomass yield and volumetric productivity from dilution rate in 
continuous cultivation regimes. The dilution rate equals specific growth rate (D=µ), while an operation 
at Doptimum leads to maximum volumetric productivity, Dcritical leads to a wash out of the cultivated 
population. 
 
In heterotrophic systems the supply of organic carbon feedstock provides both energy and 
carbon. The main difference when comparing phototrophic microalgae cultivation to that 
of heterotrophic systems like bacteria or yeast, is that each microalgal cell must 
additionally have access to light and CO2 to conduct photosynthesis which represents an 
additional complexity. Thus the energy source (solar energy) and the carbon source (CO2) 
are discrete inputs, and while they remain interdependent and their supply must be 
matched to each other, they are not directly coupled as they are in heterotrophic systems. 
Light serves as the main energy source being supplied depending on weather conditions, 
CO2 as the main C-source is supplied with the air flow rate, and nutrients such as N and 
P are supplied via the media feed flow (F). This means that the relation of dilution 
(D=µ=F⁄V) rate to energy source supply via F is not directly given. The energy supply is 
indirectly controlled by the degree of light dilution depending on biomass concentration 
making process control more challenging. The maximum achievable biomass density is 
therefore linked to the concentration at which all impinging photons are absorbed. This 
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Abb. 2. X-D Diagramm einer Kultur mit Monod-Kinetik 
 
Im linken Teil des X-D Diagramms sind Biomasse- und Substratkonzentration nur 
wenig von der Durchflussrate abhängig. Hier kann die Kultur durch die Zulaufrate bei 
konstanten Konzentrationen im Zulauf gut geregelt werden, was als Chemostat - 
Steuerung bezeichnet wird. Kleine Unregelmäßigkeiten der Pumpe werden vom 
System ohn  weiteres tol riert. Im r chten T il sind Zelldi te und 
Substratkonzentration dagegen sehr stark von D abhängig. In diesem Bereich ist 
eine Turbidostat - Regelung sinnvoll, bei der die Regelung z.B. über die Zelldichte 
(meist aufgrund von Lichtabsorption, daher dürfen die Mikroorganismen nicht zur 
Agglomeration neigen, der Feststoffanteil im Medium muss gering sein, u.s.w.) 
erfolgt. Wird der CO2-Anteil in der Abluft gemessen, so kann auch dieser zur 
Regelung benutzt w rden. 
Im Rahmen dieses Experimentes soll ein X-D Diagramm der Hefe Saccharomyces 
cerevisiae erstellt werden. Die Anzucht d s Mikroorganismus erfolgt submers unter 
kontinuierlicher Prozessführung in einem 2 Liter - Fermenter. 
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concentration varies with changing cultivation system designs as the optical properties 
and hence light energy received by the culture are also influenced by cultivation system 
optical pathlength (PBR thickness) or light dilution effects due to the spacing between 
vertical PBR modules. However, this in turn depends on the individual algal strain 
pigment composition, which the cell adjusts to the overall environmental conditions 
including nutrient composition, light intensity, light quality and temperature. 
 
In outdoor cultivations the radiation is constantly changing due to weather conditions and 
the light energy supply (feed) can primarily be accurately regulated by controlling the 
light transmission properties (e.g. through biomass concentration and cultivation system 
design and setup). As a result of periodic variance patterns in light availability microalgae 
populations are often synchronised and cell division occurs at preferential times, making 
their behaviour more complex and predictions through modelling more difficult. 
Population synchronisation means all cells of a culture divide at the same period and 
therefore induce a sudden increase of cell number within a small time interval. The almost 
simultaneous cell division (mitosis) results in irregular nutrient uptake patterns [273]. 
Therefore turbidostat regimes are often used to grow microalgae [186, 296]. At the same 
time nutrients such as N and P are supplied to set the dilution rate and hence both 
nutrients (including CO2) and light can potentially represent the limiting factors. CO2 
dosing is often involved in pH control [297, 298]. Growth models [186] dealing with light 
and nutrient limitation (e.g. Droop, see chapter 2.1.3) can help to develop new concepts to 
maintain high productivity levels and robust process control during dynamically changing 
weather conditions. 
 
The expansion of research in this field would benefit any microalgal industrial processes to 
gain economic viability for any target product stream whether it is higher value or low 
value commodity product. Real time experimental data can provide strong feedback to 
specifically developed models for certain microalgae strain characteristics (a chosen 
production strain), geographic location and cultivation system. 
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The project has aimed to streamline the process of microalgae strain selection and nutrient 
optimisation and to transition laboratory performance experiments to pilot scale for 
commercial production scenarios. This research also aims to provide valuable data for 
future techno-economic and life-cycle analyses. 
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4.2 Parameter Optimisation for the Development of High 
Efficiency Microalgae Production Systems 
 
Abstract: Microalgae systems provide a powerful platform for the production of 
renewable fuels, animal feeds and a diverse range of high value-products. Photosynthetic 
biomass production in ponds or photobioreactors represents the first step of these 
processes. Here we compare the performance of a reference (Chlorella sorokiniana 
(12_A9)) and a high productivity microalgae strain Chlorella sp. (11_H5) in high-rate-
ponds, flat-panel bioreactors (0.75 m and 1.5 m high) and tubular bioreactors (0.74 m and 
1.49 m high) under subtropical conditions. System inputs (light, nutrients, CO2), outputs 
(biomass, nutrient uptake, O2 and CO2) and population dynamics (micrographs and flow 
cytometry) were monitored to define key production parameters. The highest observed 
daily photon conversion efficiency (PCE) based on illuminated bioreactor surface area was 
4.44% in the high flat-panel systems using C. sorokiniana (12_A9) (40.8 g.m-2.d-1, 0.23 
g.L-1.d-1). The highest achieved mean PCE (PBR surface based) was 2.5% in the low 
tubular bioreactor with Chlorella sp. (11_H5) (mean: 24.9 g.m-2.d-1, 0.43 g.L-1.d-1).  
 
The presented data in this chapter are based on:  
Juliane Wolf, Evan Stephens, Sven Steinbusch, Christian Steinweg, Ian L Ross, Jennifer 
Yarnold, Anja Doebbe, Christoph Krolovitch, Sophia Mueller, Lou Brillault, Gisela Jakob, 
Olaf Kruse, Clemens Posten, Ben Hankamer. Pilot scale parameter optimisation for next 
generation high efficiency microalgae production systems. Initial submission to Algal 
Research on 25 May 2015. 
 
4.2.1  Introduction 
Microalgae provide a promising biotechnology production platform for a broad range of 
algae-derived products including renewable fuels, animal and fish feeds and a diverse range 
of high-value-products. The first step of all of these processes is the photosynthetic 
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production of biomass, cultivated in either high rate ponds (HRPs) or a specific 
geometry of photobioreactors (PBR), such as flat-panel, tubular or next-generation 
systems. For commercial microalgae production it is critical to use strains and systems 
capable of delivering a positive economic return and in the case of renewable fuel 
processes, a positive energy balance. Consequently the development of high efficiency, low 
cost systems is a major focus of microalgae research and a challenging systems 
optimisation problem involving a large number of engineering variables (e.g. light dilution, 
surface area to volume ratio) and the provision of biologically optimal production 
conditions (e.g. temperature, nutrient supply) [299]. Increasing Surface area to volume 
(SA:V) ratio is central to this process as it influences incident light delivered into the 
culture. It however also affects system temperature and cost. 
 
Field trials in commercial large-scale facilities are expensive and time-consuming, and 
while indoor laboratory-scale experiments simulating natural environmental conditions 
provide an important tool to study the individual effect of each parameter or the interplay 
of two [300] they still do not simulate outdoor cultivation scenarios effectively. Therefore, 
field trials in large-scale facilities are a critical step to validate findings from laboratory 
experiments and to explore the multidimensional interplay of various factors on algae 
performance such as growth, PCE and culture health (algal physiology). As environmental 
parameters change unpredictably it is essential for field trials to measure a large number of 
parameters to accurately describe the cultivation process.  
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Figure 37: Conceptual biomass productivity in response to variation in light (PAR absorbed 
through reactor surface) and culture temperature using a simple model for the relationship 
between growth rate, temperature and irradiance. 
 
Surface area to volume (SA:V) ratio influences incident light to the culture but also 
reactor broth temperature. Figure 37 shows a conceptual response of the microalgae 
biomass productivity to variation in light and culture temperature. Incident light is the 
most important environmental factor and dictates the number of photons available to the 
cell for photosynthesis. To ensure survival of the individual algae cell most microalgae 
species have developed a flexible photosynthetic apparatus to cope with changing light 
intensities (high and low frequency fluctuation) including photo-protective mechanisms, 
antenna adaptive mechanisms or pigment concentration (e.g. chlorophyll, carotenoids). As 
described by classical PI (productivity over light intensity) curves the rate of 
photosynthesis increases with increasing light intensity until light saturation and then 
decreases as the cell experiences damage due to photoinhibition (see Figure 37). In 
addition, cellular responses differ between species. As a result algae biomass production 
rates under natural fluctuating light conditions (seasonal, weather, day-night, mixing 
regime) with irradiance differences of typically approximately 2000 µE in the tropics 
between night and midday are typically lower than in constant light regimes typical for 
laboratory conditions. Temperature is another important environmental factor, which 
affects all biological responses within an algal cell, including enzymatic efficiencies and the 
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properties of cellular components. Photosynthesis in particular is a thermally sensitive 
process. Even though microalgae have developed mechanisms to adapt to changing 
temperatures, extreme temperature events can cause cellular damage. Temperature 
differences are greatest for desert crust algae or leaves on vascular plants that cannot take 
advantage of a delayed response time for temperature change due to thermal inertia. The 
same is valid for cultivation system design: The higher the SA:V ratio, the lower the 
delayed response time hence the higher the similarity of the culture temperature to the 
ambient temperature profile.  
 
In nature, evolution reaches local optima by balancing the rate of vital processes, efficiency 
of resource usage and the risk of damage [301]. Evolutionary fitness does not necessarily 
require maximising growth rate as there are many other factors contributing to fitness 
(e.g. survival during extreme fluctuation, defence against grazers, resource storage to 
buffer against supply fluctuation). Species optimised to a specialised environment often 
have reduced flexibility to respond to fluctuating environmental conditions [301]. The same 
is true for artificial cultivation systems. How does the natural diel light and ambient 
temperature regime affect the different cultivation system designs in terms of temperature 
fluctuation of the culture medium, incident light and microalgae performance? 
 
Here we report 10 pilot scale trials using two high-performance cell lines and five different 
production systems (high rate ponds, low and high flat panel and low and high tubular 
PBRs) under sub-tropical Australian conditions which are well suited to commercial algae 
production due to their high solar energy density [122], year round warm climate, space 
and access to saline water and CO2 sources [302-304]. To guide high performance systems, 
the key purpose of this study was to analyse the response of these systems to typical 
operational light and temperature conditions in terms of photon conversion efficiency 
(PCE), areal (Pareal), volumetric productivity (Pvol)) and biological response. The trials 
were conducted in batch mode and were based on the use of previously optimised media 
and CO2 sufficiency.   
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4.2.2  Results  
4.2.2.1 Multifactorial comparison of photobioreactor geometries in parallel 
microalgae cultivations 
To evaluate the interplay between solar irradiance, system temperature and biomass 
productivity ten pilot scale experiments (2 strains x 5 production systems) were conducted 
using three microalgae production system designs including HRP, flat panel PBR and 
tubular PBR (Figure 39). All PBR designs (Figure 39) were adjusted to have a similar 
illuminated surface area to footprint ratio for system comparisons (see Table 23). Solar 
energy input (Figure 38A and C), algae growth response (Figure 38B and D) and biomass 
productivities (Figure 38E-G) were measured for each system using a Reference (REF 
strain: Chlorella sorokiniana (12_A9)) and high performance (HP strain: Chlorella sp. 
(11_H5)) strains in sequential trials (September and November). This experimental 
approach was taken to sample a broad rather than deep statistical space as the number of 
pilot scale trials conducted was necessarily limited and this was considered more important 
to facilitate systems optimisation. Chlorella sorokiniana was chosen as the reference as it 
was previously used in a number of other microalgae production trials [305-308]). For 
regulatory reasons, a local Chlorella sorokiniana strain was required and the isolate used 
was identified based on a close rRNA sequence match as well as morphology via taxonomic 
key (Figure 46, [309-311]). The HP strain was selected on the basis that it was one of the 
top two performing strains in terms of growth rate and yield in microwell and flask trials 
under lab conditions (flask: µmax=0.046 h-1, PV=0.205 g L-1 d-1 at 120 µE m-2 s-1) [312] and 
preliminary outdoor HRP experiments. 
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Figure 38: Photobioreactor performance: A) Time resolved solar irradiation profiles for the REF strain 
trials in terms of photon flux density (PFD). PFD is shown both as total and diffuse photosynthetically 
active radiation (PAR total, PAR diffuse). Data is based on 30-minute Bureau of Meteorology values 
(September). B) Growth curves of the REF strain in HRP (red), flat panel high PBR (dark blue), flat panel 
low PBR (light blue), tubular low PBR (light green), tubular high PBR (dark green) based on volumetric 
biomass yield (g L-1). C) Time resolved solar irradiation profiles for the HP strain trials. Data is based on 
on-site weather station measurements (November). D) Growth curves of the HP strain in HRP (red), flat 
panel high PBR (dark blue), flat panel low PBR (mean of 4) (light blue), tubular low PBR (light green), 
tubular high PBR (dark green) based on biomass yield (g L-1). E) Graphs showing maximum volumetric 
yields (g L-1) of both strains in the different cultivation conditions. F) Maximum daily and mean (= total 
batch) culture volumetric productivities (Pvol) of both strains in the different cultivation conditions. G) 
Maximum daily and mean (= total batch) culture areal productivities (Pareal) of both strains in the different 
cultivation conditions. 
 
  
  
168 
Solar energy input: Figure 38A and C show the total and diffuse photosynthetic 
active radiation (PAR) profiles over the full experimental period using the REF and the 
HP strain. The flux density profile for the REF strain experimental period (Figure 38A) 
was modelled based on total daily solar irradiance values from the Bureau of Meteorology 
(BOM), assuming 46% PAR to obtain average daily irradiance profiles (calculations see 
‘4.3 Supplementary data’). Temporal resolution and local data accuracy was improved for 
the second HP strain trial using an on-site weather station (Figure 38C). These 
measurements showed that PAR was (on average) ~46% of total incident solar irradiation 
at mid-day (Figure 38C, ‘4.3 Supplementary data’). 
 
The difference between PAR total and PAR diffuse is direct PAR. Total, direct and 
diffuse PAR varies with geographic location, season, time, and cloud cover at a given time 
point. On days having mostly clear skies, diffuse PAR was ~21-29% of total PAR while 
days with the highest cloud cover (Figure 38A: Day 9, ~210 h) resulted in a large drop in 
total PAR (with a daily maximum of just 768 µE m-2 s-1) of which 91% was diffuse. 
Despite this natural variation, the mean daily solar energy inputs during the HP and the 
REF strain trials were within approximately 2% of each other (Table 17). This is 
consistent with expected seasonal variation between runs (e.g. cloud cover from days 2-4 of 
the HP trial). The above time-resolved total, direct and diffuse PAR values provide the 
input constraints both for systems process control optimisation and the design of high 
efficiency strains. 
 
Table 17: Comparison of solar energy input (total solar radiation, PAR) for the experimental 
period of the REF strain in late spring (September) and the HP strain in early summer 
(November). 
 Total solar radiation  
(MJ d-1) 
PAR  
(MJ d-1) 
 Min Max Mean Min Max Mean 
REF strain: C. sorokiniana (12_A9) 8.53 27.35 23.11 3.67 11.76 9.94 
HP strain: Chlorella sp. (11_H5) 13.89 30.42 23.63 5.97 13.08 10.16 
Difference between HP & REF strain (%) 62.93 11.23 2.24 62.93 11.23 2.24 
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System responses were compared in terms of growth curve, photon conversion efficiency 
(PCE), volumetric (g L-1 d-1) and areal productivity (g m-2 d-1) as well as the thermal 
system response. 
 
Volumetric yields: The volumetric yields (g L-1) of the REF and HP strain trials 
(Figure 38B and D) show that the fastest growth rates (batch) were obtained in the 
tubular systems (light and dark green) consistent with the fact that the tubular systems 
have the highest illuminated surface area (Ailluminated) to volume (Vreactor) ratio (each 82.47 
m2 m-3) of the systems tested. As expected, growth curves (Figure 38B and D) and 
maximal biomass yields (Figure 38E) increased with illuminated surface area to volume 
(SA:V) ratio, in the order of HRP (red: 6.96 m2 m-3), high flat panel (dark blue: 23.44 m2 
m-3), low flat panel (light blue: 31.25 m2 m-3), low tubular PBR and high tubular PBR 
(light & dark green: each 82.47 m2 m-3) (see also Table 23, Table 24, Table 25). The two 
tubular PBRs have the same SA:V ratios, captured similar levels of incident light and 
showed only slight variations in the maximum volumetric yields during the two 
experimental runs. Flask trials (grey, Figure 38E and F) under lab conditions were 
demonstrated to be unreliable predictors of PBR performance and are not further 
discussed. In the REF strain trials, the low tubular PBR performed less well than its high 
counterpart, which is explained by the higher heat load (see section ‘Temperature response 
to PAR’). Volumetric yields in the tubular PBRs were approximately three to four times 
the density attained with the HRPs. 
 
In the HP strain trials a similar trend was observed except for the fact that the low flat 
panel system exhibited unexpected poor volumetric yields. Four individual low flat panel 
PBR modules (FP1-4) were run in parallel in an interconnected array setup and their 
performance varied decreasing the average performance (Figure 49). The reason for this 
variable response is thought to be due to non-uniform mixing as the individual panels in 
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this 4-panel array were very sensitive to fluctuations in liquid height. Robust culture 
level regulation controls should be considered for future system designs to maximise 
efficiency.  
 
Maximum volumetric yield (g L-1) represents the maximum final cell density of a batch 
cultivation regime. While important this would unlikely be attained in optimised semi-
continuous processes. Consequently, in terms of systems design for continuous production 
regimes, volumetric productivity (g L-1 d-1) and areal productivity (g m-2 d-1) may be more 
important.  
 
Volumetric productivity (g L-1 d-1) and areal productivity (g m-2 d-1): Biomass 
productivity represents the rate of production and can be represented on an areal and 
volumetric basis. Volumetric values are most commonly reported for PBRs and areal 
values for HRPs. Both are supplied here to ensure clarity for ongoing system comparisons. 
 
Volumetric (Figure 38F) and areal (Figure 38G) productivities are shown both as 
maximum day-to-day biomass increases (maximum productivity) and productivity  over 
the full batch cultivation periods (mean productivity) of REF and HP strains (Table 24). 
Semi-continuous processes are likely to attain higher productivities since production 
conditions can be kept closer to the optimum and are therefore important for systems 
optimisation. The mean productivity of the HP strain was ~2.5 times higher than that of 
the REF strain, both in terms of volumetric (Figure 38F) and areal (Figure 38G) 
productivity. The volumetric mean productivity rates followed similar trends to those of the 
maximum volumetric density (Figure 38F). In accordance with this trend, both the highest 
maximum volumetric productivity (0.503 g L-1 d-1) and the highest mean volumetric 
productivity (0.433 g L-1 d-1) were obtained in the low tubular PBR using the HP strain. 
 
The maximum and mean areal productivities shown (Figure 38G) differed significantly in 
profile from the volumetric productivity rates (Figure 38F). This is because areal 
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productivity is dependent upon the interplay between: (1) a high SA:V ratio to 
minimise light limitation in dense culture, and (2) culture volume per unit area in which 
the algae can be grown. This is an exemplary demonstration that the trends of volumetric 
productivity (g L-1 d-1) and areal productivity (g m-2 d-1) between systems with varying 
SA:V ratios can be distinctly different and yet both are important metrics impacting 
techno-economic analysis (TEA) and life-cycle analysis (LCA) outcomes. Mean volumetric 
productivities in the tubular PBRs for both strains were approximately 3-4 times higher 
than those in the HRPs (Figure 38F). Mean areal productivities were ~2-3 times higher 
(Figure 38G).  
 
For the REF strain the highest maximum areal productivity (Table 24: Parea,max: 40.8 g m-2 
d-1, day 6) was achieved in the high flat panel PBR systems, consistent with the highest 
PCE value (Figure 39C). This was followed by the low flat panel PBR, the high tubular 
PBR, the HRP and then the low tubular PBR (Figure 38G, Table 24). In contrast, for the 
HP strain the highest maximum areal productivity was achieved in the low tubular PBR 
(Parea,max: 28.9 g m-2 d-1, day 7). The high tubular PBR and the high flat panel PBR 
closely followed this. The high Parea,max values of the HP strain trials occurred in the dense 
cultures towards the end of the trials (days 5-7) correlating with high irradiance levels 
even though PCE values were lower compared to the start of the cultivation (Figure 39).  
 
Considering design considerations, these results suggest that productivities can be 
improved from the mean areal productivities for these systems (Table 24: HP strain 24.9 g 
m-2 d-1; REF strain 7.6 g m-2 d-1) towards at least maximum areal productivities through 
the use of continuous or semi-continuous cultivation/harvesting regimes. Successfully 
achieving this would yield a 1.16-fold increase for the HP strain and over a 7-fold increase 
for the REF strain (Table 24, Figure 38F and G). More importantly, neither value is close 
to the theoretical maximum achieved in laboratory experiments (e.g. Figure 38E, HP 
strain [312]) indicating considerable potential for further improvement. 
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Strain comparison: Both species attained similar final volumetric yields (Figure 
38E). This is likely due to the light distribution and light dilution limits defined by the 
respective cultivation systems. The HP strain grew faster than the REF strain in all 
cultivation designs (except the low flat panel PBRs due to non-uniform mixing in 
individual panels). Across all systems the HP strain attained equivalent maximum biomass 
yields (1.3 g L-1) to the REF strain (1.2 g L-1) but achieved this in half the time (7 days 
Figure 38D vs. 14 days Figure 38B). The observed differences in overall mean productivity 
between the HP and REF strains could theoretically be due to differences between the 
strains, the solar energy input, temperature response profiles or the chosen ‘optimised’ 
production media [312], CO2 supply or pH. For the REF strain cultivations, the preferred 
N source used was ammonium nitrate; for the HP strain trials it was urea [312]. However, 
all nutrient levels remained replete throughout the cultivation in all reactor systems and so 
nutrient limitation is not thought to have contributed significantly to different growth 
performances between reactors. CO2 and pH were also kept in a defined range. This 
suggests that the main interplay was between strains, light and temperature profiles. 
Consequently these were analysed in detail below beginning with photon conversion 
efficiency responses.  
 
Photon conversion efficiency (PCE) affects biomass yield and is an important 
measure of system performance. PCE usually increases with SA:V ratio up to the point of 
light sufficiency and improves with increased light dilution under excess light conditions 
minimising photo-inhibition (Figure 37). Increasing PCE often results in higher material 
and system costs related to higher SA:V ratios. Consequently systems usually have an 
optimal cost benefit range. Given that key variables (light, temperature) fluctuate both 
predictably (e.g. diurnal cycle, latitude) and chaotically (e.g. changeable weather 
patterns), maximising PCE is a complex problem requiring the optimisation of systems 
both statically (e.g. orientation and geometry, illuminated path lengths) and dynamically 
(e.g. cell density, biochemistry and temperature profiles). To address this all ten pilot scale 
experiments (2 strains x 5 production systems) were analysed for energy input (total solar 
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irradiance per unit surface area and footprint) and chemical energy output. PCE values 
were calculated on the basis of the total solar spectrum as opposed to only PAR to align 
with other solar industries. The PAR based PCE value can be calculated to be 2.17 times 
this value (i.e. 100/46, as PAR is 46% of the energy of the incident total solar spectrum, 
see ‘Solar energy input’). Chemical energy output is based on biomass yield, lipid content 
(Figure 48, ~10% lipids) and the estimated energy content of this biomass (21.9 MJ kg-1 
[119]).  
 
Table 18: Mean PCE values (%) based on total solar energy input (batch). Calculations are based 
on the amount of incident radiation falling on the reactor’s illuminated surface (indicated as ‘surface’) as well 
as the bioreactor ‘footprint’ which is the ground area covered by the system.  
 PCE [%] 
Illuminated area 
HRP flat panel 
high 
flat panel 
low 
tubular 
high 
tubular 
low 
 REF strain surface 0.45 0.69 0.88 0.88 0.69 
 footprint 0.16 0.50 0.59 0.68 0.59 
 Ratio PCE (surface) 
to PCE (footprint) 
2.8 1.4 1.5 1.3 1.2 
HP strain surface 0.94 1.60 0.80 2.01 2.50 
 footprint 0.76 1.25 0.52 1.72 2.30 
 Ratio PCE (surface) 
to PCE (footprint) 
1.2 1.3 1.5 1.2 1.1 
 
Mean PCE values (batch): Overall, higher mean PCEs (batch) were achieved during 
the HP strain trails than the REF strain trails (Table 18). The highest mean PCE value 
recorded during these trials was obtained in the low tubular system (2.5% on illuminated 
surface basis, 2.3% on an illuminated footprint basis) using the HP strain (Table 18). This 
was over 2x higher than that of the HRP system control. This is supported both by the 
growth curves (Figure 38B and D) and by the volumetric productivity trends (Figure 
38F). Although the mean PCE value is typical of the current industry it indicates 
considerable scope for improvement towards a theoretical maximum of ~8-10% for biomass 
production [313].  
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Daily PCE value fluctuation: All pilot scale production systems exhibited fluctuation 
in daily PCE values in response to changing environmental conditions (see Figure 39) with 
exception of the HP strain trials in the tubular PBRs that follow a more typical batch-like 
trend (Figure 39H and J). 
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Figure 39: Production systems and their responses to solar irradiation. Responses are shown 
for HRP (A,B), high flat panel PBR (C,D), low flat panel PBR (mean values for the HP strain cultivation) 
(E,F), low tubular PBR (G,H) and high tubular PBR (I,J) for the REF and HP strains respectively. Each 
panel shows daily PAR absorbed at the illuminated surface (black line), daily mean temperature (purple 
line) and daily PCE of total absorbed energy based on irradiated surface area (orange bars) and irradiated 
footprint area (yellow bars). The REF strain was cultivated from 19th September 2013 until 4th October 2013 
and the HP strain was cultivated from 14th November until 21st December 2013.  
 
In the REF strain trial daily PCE values were highly variable in the HRP (Figure 39A, 
orange), high (Figure 39C, orange) and low flat panel PBRs (Figure 39E, orange) and 
showed an almost 48-hour periodicity of relatively high PCE values one day, followed by 
low or negative PCE the next. This variation is thought to be due to the balance between 
photosynthesis and background respiratory metabolic load, but the precise reason for the 
48hr periodicity is not known. Mixing problems with the low flat panel PBR array setup 
as discussed earlier decreased performance and yielded unexpectedly low PCE values 
(Figure 39F). Both tubular PBRs (Figure 39G and I, orange) showed more stable PCE 
responses of up to 1.5% throughout the REF strain trials on typical radiation days. A 
spike PCE value of ~2.4% occurred in the high tubular PBR on day 6 (Figure 39I, orange, 
144 hrs, Sep 25) based on irradiated surface area. This high level of performance was 
achieved at a mean culture temperature of 28oC (Figure 39I, purple, 144hrs) during a 
period in which mean PAR total PAR remained almost constant at ~10MJ m-2 d-1) and 
cell density was 1.4 g L-1/OD750: 2.5) providing sensible cell density vs. optical path length 
measurements for further optimisation. PCE values dropped in all systems during the REF 
strain trials (Figure 39A,C,E,G and I, 240 hrs) in response to a drop in absorbed PAR and 
mean culture temperature. 
 
In the HP strain trials the PCE values were consistently positive (Figure 39B, D, F, H and 
J orange) and did not show the 48hr periodicity of the REF strain (see section on 
‘biological response’). In terms of daily PCE values the low tubular reactor (Figure 39G 
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orange) performed best, followed by the high tubular reactor (Figure 39J orange), the 
high flat panel (Figure 39D orange), the HRP (Figure 39B orange) and the low flat panels 
(Figure 39F). The low PCE values of the low flat panels are presumable due to the 
reported mixing problems. The decline in PCE toward the end of the cultivation period of 
the HP strain trials, observed in most of the systems is likely due to light limitation at 
increased cell densities or due to the accumulation of inhibitory metabolites.  
 
The high PCE values of the high and low tubular reactors (Figure 39G-J orange), are 
likely due to their high SA:V ratios which facilitate better light distribution. The average 
light path length of the tubular PBRs was further reduced through the large gas bubbles 
travelling through the tubes. In terms of system design, it is noted that the use of gas 
supply in PBRs can therefore be considered a variable in the optimisation of optical 
density and pathlength. 
 
Table 19: Total incident PAR (MJ m-2 d-1) received for each cultivation system during the 
REF and HP strain trials. 
 HRP FP high FP low low tubular 
PBR 
high tubular 
PBR 
REF strain (MJ m-2 d-1) 7.75 7.68 8.02 9.07 8.27 
HP strain (MJ m-2 d-1) 8.23 7.91 8.42 9.37 8.69 
Ranking (highest to lowest) 4th  5th  3rd  1st   2nd  
Increased PAR in HP compared to 
REF strain trials (%) 
6.2 3.0 5.0 3.3 5.1 
 
PCE response to PAR: Daily PCE correlated only approximately with incident PAR 
(Figure 39, Figure 50). This suggests a more complex interaction between external light 
levels, increasing batch culture concentrations and the concomitant rise in the absorbed 
heat load, which requires more detailed analysis. All of these variables must be optimised 
as part of next-generation systems design to maximise photon capture and minimise 
energy losses through non-photochemical quenching, excessive metabolism in the dark 
zones of the production system and at night as well as the adverse effects of other stresses.  
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The mean absorbed PAR for the REF strain trial was relatively consistent for most 
days (Figure 39). However on days with low PAR, most notably on day 9 (Figure 
39A,C,E, G and I black, 240 hrs) but also for several systems for days 3 (72 hrs) and 11 
(288 hrs) of the trial, the PCE values dropped to negative values likely due to the 
background respiratory metabolic load. In the REF strain trials low PAR days occurred 
when the culture was dense (days 9 and 11) likely resulting in light limitation at a time of 
high respiration load. This is consistent with other environmental factors such as relatively 
high temperatures of >15 ºC at night (Figure 52), which favour respiration.  
 
During the HP trials the highest PCE values were generally obtained on the lowest PAR 
intensity days (days 2-4, 5.21-9.21 MJ m-2 d-1) at the start of the experiment (Figure 39B, 
D, F, H and J black, 48-96 hrs). The high PCE under low PAR conditions is explained by 
the fact that at this stage of the cultivations the optical thickness of the cultures was low, 
and that the light levels resulted in reduced photoinhibition (combination of low daily 
radiation and high diffuse radiation during this period) while ensuring that all cells were 
illuminated to some degree. Not surprisingly the HRP, with the longest light path (0.25 
m), showed a steep decline in PCE after day 3 due to light limitation. This highlights the 
importance of matching optical density and path length to available light.  
 
Temperature response to PAR: Systems that have a high SA:V ratio to improve light 
distribution are also exposed to an increased heat load and have a reduced thermal mass, 
resulting in increased susceptibility to temperature fluctuations, algal stress, reduced 
growth rates, photobleaching, aggregation and ultimately cell death. Ambient and 
bioreactor temperatures were therefore analysed (Figure 52, Table 26, Table 27) in terms of 
their effect on overall PCE.  
 
System-specific culture temperature maxima as expected increased with the SA:V ratio 
(HRP < flat panel high < flat panel low < tubular high < tubular low) (Figure 40B, 
Figure 50). When production systems exceeded a temperature of ~35 ºC both strains 
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showed increased cell aggregation and bleaching indicative of stress (see section ‘4.2.2.2 
Biological response’). Consequently thermal mass and heat load are important parameters 
for the design of systems capable of maintaining optimal algal health.  
 
The mean ambient temperature of the two cultivations periods only varied by ~2 ºC 
(Figure 40A, B black lines). The quotient between the mean culture temperatures in 
relation to the mean ambient temperature is shown for each cultivation system in Figure 
40C and D (thermal inertia mean, Ti,mean). Figure 40C shows that during the REF strain 
trials the HRP is the only cultivation system with a lower mean temperature (Tmean) than 
the ambient temperature (Tmean). This is due to the combined effect of its high thermal 
mass and high evaporative cooling component. The tubular PBRs have the most similar 
Tmean values compared to the ambient Tmean. For the HP strain trials (Figure 40D) all 
production systems including the HRPs had a higher Tmean than ambient Tmean, despite 
the evaporative cooling capacity of the HRP and the active chilling of the tubular PBRs 
above temperatures of 35oC. This is likely due to higher night temperatures during the HP 
strain trials compared to the REF strain trials. 
 
Thermal inertia relation to SA:V ratio, system geometry and orientation: The system 
specific variation between the culture temperature amplitude (i.e. the difference between 
the highest and lowest system temperature) in relation to the ambient temperate 
amplitude is shown in Figure 40E and F (thermal inertia amplitude, Ti,ampl). It measures 
the susceptibility of a system to temperature swing. The range between the lowest and 
highest ambient temperatures recorded (Tamplitude) for the REF and the HP strains was 
~10 ºC greater for the former (Figure 40A and B). Culture temperature variation was 
highest for the non-cooled high and low tubular PBRs (~31 – 33 ºC fluctuation), followed 
by the cooled tubular PBRs (~24 – 27 ºC fluctuation), and the low flat panel PBR (~21 – 
23 ºC fluctuation). The high flat panel PBR and the HRP showed the lowest temperature 
fluctuation (~18.5 – 21 ºC), consistent with their smaller illuminated SA:V ratio at 
midday, when the sun was at its zenith.  
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Figure 40: System specific temperature characterisation related to system specific thermal 
inertia for the REF strain (left panels) and the HP strain trials (right panels). (A, B): 
Temperature characteristics include mean temperature (Tmean), minimum (Tmin) and maximum (Tmax) 
temperatures over the cultivation period and temperature amplitude (Tamplitude). The graphs show individual 
parameters for HRP, high flat panel PBR, low flat panel PBR, low flat panel PBR (chilled), low tubular 
PBR, low tubular PBR (chilled), high tubular PBR, high tubular PBR (chilled). (C, D): The thermal 
inertia mean (Ti,mean) graph shows system specific variation between the culture temperature mean (Ti,mean 
culture) in relation to the ambient temperate mean (Ti,mean ambient). (E, F): The thermal inertia amplitude 
(Ti,ampl) graph shows system specific variation between the culture temperature amplitude (Ti,ampl culture) in 
relation to the ambient temperate amplitude (Ti,ampl ambient). (G, H): The thermal inertia graph shows both 
thermal inertia mean and amplitude in relation to ambient temperature values as a function of SA:V ratio. 
 
During the REF strain trials the HRP and the flat panel systems show a significantly 
lower temperature fluctuation relative to ambient temperature fluctuation (Figure 40E) 
than the tubular PBRs. The tubular systems, with their high surface area and low thermal 
mass closely tracked the ambient temperature. This greater fluctuation in temperature and 
in particular the relatively high temperature maxima observed in the tubular PBRs 
(Figure 52) may have resulted in lower than optimal performance for the REF strain.  
 
During the HP strain trials the HRP and flat panel PBRs tracked much more closely with 
ambient temperature (Figure 40F) than during the REF strain trials (Figure 40E), while 
the tubular PBRs exhibited a significantly higher temperature fluctuation (Figure 40F) 
despite the temperature cap to 35 ºC. Interestingly, even the chilled flat panel PBR 
showed a higher culture temperature fluctuation compared to the non-chilled flat panel 
PBRs (Figure 40F). Overall the thermal inertia amplitudes of all systems shifted up 
compared to the REF strain trials 
 
Figure 40G and H show that both the thermal inertia mean and amplitude flow trend 
approximately linearly with the SA:V ratio. Both the REF and the HP strain trials the 
Thermal inertia amplitude was more greatly affected than the mean. This suggests the 
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thermal stability of the production system (i.e. low Thermal inertia amplitude) is more 
important to consider when increasing SA:V than the mean system temperature. Thermal 
system control therefore becomes more important for systems with a high SA:V ratio as 
microalgae have a relatively narrow optimal temperature range promoting growth rather 
than just survival. Once the thermal tolerance of a strain is exceeded cellular damage can 
become catastrophic within a few degrees. 
 
System specific single day temperature profiles: Each cultivation system shows a 
distinct correlation between ambient temperature and the PBR temperature based on 
thermal inertia. This was examined in detail by analysing the temperature profiles over 
daily cycles as shown in Figure 41 across the five production systems (see also Figure 52 
for batch temperature profiles). 
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DAY 6 | REF strain: C. sorokiniana (12_A9)
Te
m
pe
ra
tu
re
 (º
C
)
Time (h)
high flat panel PBR
A
C
E
G
I
D
F
H
J
B
high rate pond
Time (h)
Te
m
pe
ra
tu
re
 (º
C
)
Time (h)
Te
m
pe
ra
tu
re
 (º
C
)
low flat panel PBR
Time (h)
Te
m
pe
ra
tu
re
 (º
C
)
low tubular PBR
Time (h)
Te
m
pe
ra
tu
re
 (º
C
)
high tubular PBR
T m
ea
nT
am
bi
en
t
T c
ult
ur
e
Tmean,ambient
Tmean,culture
T m
ea
nT
am
bi
en
t
T cu
ltu
re
Tmean,ambient
Tmean,culture
T m
ea
nT a
m
bi
en
t
T cu
ltu
re
Tmean,ambient
Tmean,culture
T m
ea
nT a
m
bi
en
t
T c
ul
tu
re
Tmean,ambient
Tmean,culture
T m
ea
nT a
m
bi
en
t
T c
ul
tu
re
Tmean,ambient
Tmean,culture
Te
m
pe
ra
tu
re
 (º
C
)
Time (h)
Time (h)
Time (h)
Te
m
pe
ra
tu
re
 (º
C
)
Time (h)
T m
ea
nTam
bie
nt
T
culture
Tmean,ambient
Tmean,culture
Te
m
pe
ra
tu
re
 (º
C
)
Time (h)
T m
ea
nTam
bie
nt
T
culture
Tmean,ambient
Tmean,culture
Te
m
pe
ra
tu
re
 (º
C
)
Te
m
pe
ra
tu
re
 (º
C
)
T m
ea
nTam
bie
nt
T
culture
Tmean,ambient
Tmean,culture
T m
ea
nTam
bie
nt
Tculture,chilled
Tmean,ambient
Tmean,culture
T m
ea
nTam
bie
nt
Tculture,chilled
Tmean,ambient
Tmean,culture
Tcu
ltur
e,c
hill
ed
DAY 12 | HP strain: Chlorella sp. (11_H5)
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Figure 41: Daily temperature profiles of each production system for the cultivation of C. 
sorokiniana (12_A9) (REF strain) (left panels) and Chlorella sp. (11_H5) (HP strain) (right 
panels). Ambient (black) and culture temperature (red) profiles of the hottest day during the REF and HP 
trials. Yellow shading highlights the periods during which the culture temperature exceeds the ambient 
temperature. The dashed black and purple lines represent the mean ambient and culture temperature, 
respectively, over the period of cultivation. A, B) HRP. C, D) High flat panel PBR. E, F) Low flat panel 
PBR (mean values for the HP strain cultivation). The additional blue line (panel F) shows the temperature 
profile of the low flat panel system equipped with a cooling loop on the day of the highest mean ambient 
temperature. G, H) Low tubular PBR. I, J) High tubular PBR. 
 
The single day temperature profiles show that the culture temperatures (Figure 41, yellow 
shading) exceeded the ambient temperature (Figure 41, black) in every cultivation system. 
Generally culture temperatures tended to be above ambient in the afternoon and evening 
before cooling during the night. The tubular systems (Figure 5G, H, I, J) with their high 
SA:V ratio and low thermal mass tended to exceed ambient temperature earlier. These 
findings were relatively consistent between the REF and HP trials which were conducted 
in late spring and early summer.  
 
The HRP (Figure 41A) and the non-chilled tubular PBRs (Figure 41H, I) typically 
reached their maximum temperatures about 2 pm while the peak temperature of the non-
chilled flat panel PBRs (low and high) tended to be later ~3.30 pm (Figure 41C-F). More 
importantly, the maximum temperature of the non-chilled tubular systems (Figure 41G 
red, ~45 ºC) was ~7 ºC higher than the maximum HRP temperature (Figure 41A, ~32 ºC) 
during the REF strain trial. The tubular PBR culture temperature profiles also show a 
shoulder at ~11.15 am indicating temperature stabilised due to alignment along the north-
south axis in which vertically positioned tubes shade each other as sun approaches its 
zenith. The flat panel PBRs temperature profiles exhibit a similar but much weaker 
temperature shoulder (Figure 41E, G red).  
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Another point of note is that the higher PBR designs (Figure 41C, D, I, J) start to 
heat up ~0.5 hours earlier than their low counterparts (Figure 41E, F, G, H), presumably 
due to earlier illumination as the sun crosses the horizon. An earlier rise in temperature 
likely benefits enzymatic activities for photosynthesis. 
 
PBR chilling effectiveness: The low flat panel PBRs equipped with a metal cooling 
loop (delivering coolant when required to maintain culture temperature) exhibited a 
unexpected temperature increase in the morning due to heat conductance into the culture 
(Figure 41F, blue line) before the cooling cycle was initiated. Surprisingly the maximum 
setpoint temperature of 35 ºC (Figure 41F, blue line) was reached about 4.5 hours earlier 
than in the low flat panel PBRs without a cooling loop (Figure 41F, red line). Similarly, 
the culture temperature dropped almost 2 hours earlier than the non-cooled flat panel 
PBRs. A rapid rise in temperature in the morning can benefit algae productivity in colder 
weather but may cause an earlier on set of heat stress in hot climates. A rapid 
temperature drop after sunset may decrease background respiration in the dark, while 
longer periods of optimum temperature range likely increases the photosynthetic 
performance. Overall, from a design perspective it is also important to note that the 
insertion of the cooling loop resulted in a degree of interference in culture mixing and so 
must also be considered a possible stress factor. Future designs should thus consider the 
benefits of including cooling loops and that the loop itself as well as metal framework 
should be insulated or reflective, to minimise heat load on the PBR through the absorption 
of solar irradiance.  
 
In contrast to the use of the cooling loop, spray cooling was relatively quick and not 
subjected to such effects (Figure 41H and J). The high tubular PBR responded more 
slowly to the top-misting regime compared to the low tubular PBR. 
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In terms of systems design related to thermal PBR control, detailed and case-specific 
LCE and TCE analysis are required to balance photosynthetic benefits against energy and 
water cost drawbacks need to enable economically viable process regimes. 
  
Correlation between productivity and SA:V ratio: The above results summarise the 
10 system responses to light and heat, in terms of PCE, areal and volumetric productivity. 
Collectively this data provides valuable insights to increase system efficiency and biomass 
productivity. 
 
 
Figure 42: Correlation between normalised productivity and SA:V ratio of individual system 
types. The cultivation system design effects on the maximum and mean areal (blue) and volumetric 
productivities (black) are shown for the HP strain in terms of maximum daily productivities (A) and batch 
mean productivities (B) and the REF strain in terms of maximum daily productivities (C) and batch mean 
productivities (D). The data were fitted with a linear and second order polynomial equation (bold). The red 
lines indicate the SA:V ratio yielding theoretically the highest areal productivity values for the REF strain.  
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System design considerations: Increased SA:V ratio was effective at increasing light 
delivery. This is demonstrated through increased batch culture growth rates (Figure 38B 
and D), volumetric yields (Figure 38E), volumetric productivity (Figure 38F) and areal 
yields (Figure 38G). As batch cultures increase in optical density over the cultivation 
period, the days on which the maximum productivity values were obtained can as a first 
approximation be considered to provide the best combination of optical density and optical 
path length. Consequently the maximum productivity values were used as proxy for 
optimal production conditions over the trial period (e.g. Figure 39H, orange, 72hr).  
 
Figure 42 analyses the relationship between the normalised productivities based on either 
the trial mean (batch) or the daily maximum productivity values as a function of the SA:V 
ratio of each of the reactor types. This analysis was conducted using mean and maximum 
volumetric and areal productivities for both the REF and HP strains (see also Figure 53 
for absolute productivity values). Given the considerable differences between system 
geometries, responses to temperature, mixing and gas exchange, a significant level of noise 
not explained by SA:V was expected. Consequently in Figure 42 both linear and second 
order polynomial fits were analysed. The linear fit tests the hypothesis that productivity is 
directly proportional to the light intensity over the range analysed. The second order 
polynomial represents a model in which productivity rises with light intensity before 
dropping due to photo-inhibitory losses. Due to its increased flexibility, second-order 
polynomials can often yield better fits to a set of data points than their linear counterparts 
and this was also found to be the case here (polynomial R2 > linear R2). However the 
differences were only statistically significant for the areal productivity of the REF strain 
trials (Figure 42C and D). Although more replicates and data point are needed in the area 
of 30-80 SA:V ratio for conclusive predictions, the scale of such experiments is 
prohibitively expensive and so it is worth extracting as much information from these trials 
as possible.  
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The first point of note is that the drop in areal productivity in the REF strain trial at 
high SA:V ratio (Figure 42C and D, blue line) is likely due to temperature stress or 
photoinhibition. As both light and temperature increase with solar radiation these factors 
cannot be discriminated in this experiment. However, the HP strain trials using a chilling 
approach at high SA:V ratio did not show such drop in areal productivity (Figure 42C and 
D, black line) suggesting that heat stress may be an important factor.  
 
The second point of note is that, the HP strain relationship of SA:V with volumetric and 
areal productivities can be described as a linear relationship (Figure 42A and B). The 
finding that the HP strain performed better at high SA:V ratios can have several reasons: 
1. The HP strain tolerates higher temperatures; 2. Temperature regulation allows for 
higher optimal SA:V ratios; 3. The strain experienced less photoinhibition (decreased non-
photochemical quenching); or a combination of the above.  
 
Similar trends can be seen by comparing mean and daily maximum productivities for each 
strain (Figure 42). Since the maximum productivities are likely to have occurred on the 
day of cultivation when the culture optical thickness was closest to optimal there is 
significant opportunity for performance improvement by keeping the culture at optimal 
conditions. In terms of system design these data point out the importance of light dilution 
properties, temperature regulation as well as production strain characterisation as well as 
continuous vs. batch culture. 
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4.2.2.2 Biological response 
 
Physiological characterisation: The overall health of the cultures under these different 
light and heat loads was monitored throughout the cultivation by examining algae cell 
physiology (microscope, flow cytometry) as well as the bacteria (flow cytometry) and 
predators (microscope) loads (Figure 43, Figure 44, Figure 45). All REF strain cultivation 
systems exhibited a high proportion of small newly replicated algae cells during the 
exponential growth phase (rapid cell division) and increased sized cells during the late log-
phase (Figure 43, Figure 45).  
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Figure 43: Timeline of C. sorokiniana (12_A9) (REF strain) micrographs for each 
individual cultivation system. Micrographs show representative cellular compositions of the cultures as 
given time points. LC: Percentage of Low Chlorophyll cells, which are taken to be dead cells. B:A is the 
cellular Bacteria:algae ratio based on flow cytometric analysis. Note that as the algae are much larger than 
the bacteria, the ratio of bacterial:algae biomass is much smaller. Note the large LC values in the low 
tubular bioreactors. Typical predators observed in the cultures are shown on the right. 
 
The HP strain cultivations in the low flat panel PBRs also showed a high proportion of 
single cells during exponential growth phase (days 1-3), however, also contained cell debris 
indicating simultaneous cell death due to stress (Figure 44, Figure 45). In contrast, a large 
number of small cell clusters (4-8 cells) were observed during the exponential growth phase 
of the HP strain leading to dense cultures in both tubular PBRs. Compared to single cells, 
cell clusters may provide protection against predating organisms. The HRP was the system 
most exposed to the environment and contained a combination of single cells and large cell 
agglomerates which also included small dirt particles.  
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Figure 44: Timeline of Chlorella sp. (11_H5) (HP strain) micrographs for each individual 
cultivation system. Predators. Micrographs show representative cellular compositions of the cultures at 
given time points. LC: Percentage of low chlorophyll cells, which are taken to be photobleached or dead cells. 
B:A: is the cellular bacteria to algae ratio based on FACS analysis. Note that as the algae cells are much 
larger than the bacteria cells, the biomass ratio of bacterial:algae is much lower. Note also the large LC 
values in the low tubular PBR. Typical predators observed in the cultures are shown on the right.  
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Given that the tubular PBRs achieved the highest volumetric yields and productivities 
(Figure 38E and F) for the HP strain experiments, the small algae cell clusters observed 
may reflect the most stable physiological organisation (e.g. daughter cell clusters, Figure 
44) during rapid cell division of the HP strain in outdoor PBRs. In contrast, during rapid 
growth of the REF strain single cells appeared most common. Consequently, regular 
monitoring of algae cell organisation and clusters (e.g. simple light microscope) can 
improve the stability of strain-specific algal cultivation regimes and can be integrated into 
future design concepts. 
 
Algae cell bleaching: The identification of photobleached algae using flow cytometry 
reliably identified conditions of culture stress (Figure 45C and D, Figure 43, Figure 44). 
An increased number of low chlorophyll (LC) containing cells occurred towards the end of 
cultivation of the REF strain trial, primarily in the low tubular cultivation system (Figure 
45C, Figure 43: Day 8 onwards) which was exposed to the highest amount of direct solar 
irradiation and high heat loads (see section ‘Temperature response to PAR’, Figure 41). 
An increased number of LC containing cells was also observed at the end of the cultivation 
of the HP strain trial in both tubular PBRs (Figure 45D, Figure 44: day 4 onwards). 
Compared to the tubular PBRs, LC cell levels in the low flat panels were generally lower, 
indicating a predominance of healthy cells. Closer analysis of the four individual low flat 
panel modules showed increasing numbers of LC cells in the two panels positioned on the 
north side of the array while corresponding levels in the south side remained low during 
the trial.  
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Figure 45: Biological response analysis using flow cytometry (FACS). The left hand panels 
show the results of C. sorokiniana (12_A9) (REF) and the right those for Chlorella sp. (11_H5) (HP). 
Panels show optical density at 680 nm (A,B), low chlorophyll (photobleached) algae (C,D – estimated as 
percent of total algae cells with a red (chlorophyll) fluorescence below that of the range of a healthy 
population), non-algal protozoa (E,F – estimated as cells of similar size to algae but lacking red fluorescence, 
as a percentage of all cells of this size including photobleached and healthy algal cells), and the ratio of the 
bacterial population (G,H – estimated as events in the population around the characteristics size of model 
bacteria) to OD680, to check for bacterial overgrowth of the culture. The FACS data trend of low chlorophyll 
(LC) contentaining cells correlates with corresponding standard pigment analysis (data not shown).  
 
Cell bleaching can be caused by light as well as heat stress. Light stress is expected to be 
highest at the start of the run when cell densities are low. However in these experiments, 
bleaching was observed mainly in dense cultures. The first explanation for this is that the 
light harvesting antenna systems of algae can increase in size at high culture densities to 
minimise photo-limitation in the dark zones of the PBR thereby making the cells more 
susceptible to photo-inhibition at the illuminated surface particularly at high irradiance. A 
second explanation is that bacterial contamination (monitored using OD680 and FACS 
measurements (Figure 45)) or predator (monitored through microscopic observation 
(Figure 43, Figure 44)) induced cell damage may have induced photo-bleaching or cell 
death. Liquid pumps can also lead to cellular stress. This can be exacerbated as viscosities 
rise towards the end of a cultivation cycle. To analyse the interplay between these factors 
(temperature, LHC antenna size, predators/bacterial contamination and mechanical 
damage), bacterial and predator loads were analysed next to provide further insights into 
system design. 
 
Effect of bacterial contamination: Changes in the relative bacterial load were analysed 
using flow cytometry. Bacterial load can be expressed as the ratio of the events detected in 
the bacteria gate of the flow cytometer to the OD680 value of the culture, as the OD680 
provides a common robust measurement of stable algae culture growth (Figure 45G and 
H). This measure showed that bacterial loads dropped slightly in most cultivation systems 
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during the cultivation of the REF strain as the algae population became denser (Figure 
45G). Consequently the bacteria population is not a major concern for biofuel production, 
animal feeds and most high value products. Indeed in some situations bacteria can be 
beneficial both in terms of symbioses [314] and to reduce oxygen loads in closed systems.  
 
Bacterial loads only increased towards the end of the cultivation of the HP strain in the 
high flat panel PBR and the low flat panel PBR positioned southeast in the array. This 
may have been caused by poor mixing properties of the flat panel systems resulting in a 
combination of poor gas exchange and high system temperatures. As the algae:bacteria 
ratio provides a cheap and rapid measure that can assist with quality control. Online 
analytical systems for the algae:bacteria ratio could be considered for inclusion in future 
PBR designs and to locate cultivation inconsistencies within single production modules of 
a large PBR array setups to initiate early stage trouble shooting and minimise production 
losses.  
 
Effect of predating organisms and competing native algae: Both the REF and HP 
cultures were also analysed for the presence of predators (Figure 43, Figure 44, Figure 45), 
such as rotifers (observed from day 2) and ciliates (observed from day 4) as well as 
competing algae to evaluate their effects on culture health and LC cell levels.  
 
During the REF strain trials predators were observed in all cultivation systems from early 
time points. The high stress levels of the REF strain (increased numbers of LC cells, see 
Figure 45E) in the low tubular system are likely due to the increased heat load and appear 
to have enabled the establishment of predator and commensal organisms to a higher 
degree than was observed in the other cultivation systems. A contaminating native 
Scenedesmus-like algae strain was observed sporadically from day 2 and became more 
prevalent from day 6 in both tubular PBRs. On day 11 the REF strain was clearly 
aggregating (Figure 43) in the low tubular PBR. As aggregation is reported to be a sign of 
stress, stresses induced by the low tubular reactors appear to have given the native 
  
197 
Scenedesmus-like strain a competitive advantage allowing it to multiply to the point 
that it accounted for ~30% of the cell population. As the ciliates and rotifers appeared to 
predate preferentially on the REF strain (round shape), the sickle shape of the 
contaminating strain (e.g., Figure 43: low tubular system, day 12) may have given it a 
further advantage by protecting it against predation. However the combination of high 
heat load, irradiation (Figure 39, Figure 41) in the low tubular PBR and mixing stresses 
may have reduced the culture health of the REF strain and these factors should be 
considered in systems design to account for strain-specific variation. Interestingly no 
increased predation was observed in the HRP compared to the PBRs suggesting that algae 
fitness is a more important parameter than active contamination control in these 
experiments.  
 
In the HP strain trials the HRP (likely airborne) and the low flat panel PBRs (possibly 
due to heat stress, Figure 41) contained the highest number of predator organisms at the 
end of the cultivation period (Figure 44) correlating with slightly increased numbers of LC 
cells (Figure 45F). The other systems appear less subject to stress and predation. 
Maintaining temperatures below 35 ºC in the tubular PBRs, which are susceptible to high 
heat loads, has likely favoured algae fitness during the HP strain trial. 
 
In summary, culture health is highly dependent on the provision of optimal production 
conditions and closed systems will be less susceptible but not resistant to contamination. 
Generally it is likely to be more cost effective to put in place a strategy to maintain 
culture health (e.g. provide optimum nutrients and temperature and light levels) than to 
attempt to achieve sterility. Regular harvests can assist with this by maintaining a 
constant algae cell concentration in continuous culture and to dilute out slow growing 
contaminating organisms. In terms of system design considerations, real-time monitoring of 
LC cells, contaminating algae, bacterial and predator loads could provide four independent 
measures of culture health.  
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4.2.3  Discussion 
4.2.3.1 SA:V ratio optimisation 
From a systems design perspective, Figure 42C (red line) shows that for the REF strain, to 
maximise areal productivity under the conditions tested the optimal SA:V is ~43 m2 m-3. 
This point appears to be a trade-off between a relatively high volumetric productivity and 
small areal footprint of the reactor. At higher SA:V, the rate of increase in volumetric 
productivity tapers off, due to photoinhibition and/or heat stress, while the areal footprint 
of the reactor increases simultaneously. Together these factors explain the drop in areal 
productivity at SA:V. From a design perspective therefore temperature control can be 
important when approaching optimal SA:V ratios of > 43 m2 m-3 for the REF strain.  
 
Debate arises around whether areal or volumetric productivity is most important for 
systems design and this will likely have to be evaluated on a case-by-case basis using TEA 
and LCA analyses to factor in associated costs and energy balances in both scenarios (e.g. 
land, water, gas supply, reactor numbers, harvesting costs). Interestingly, the normalised 
curves of SA:V (Figure 42), based on the daily maximum productivities observed for each 
system, with the highest set to 1.0 both for areal and volumetric productivities for the 
REF strain, revealed that the crossover point of the two variables occurs at a SA:V of ~73 
m2 m-3 (Figure 42C). Combining this with maximum areal productivity (Figure 42C, red 
line = ~43 m2 m-3), leads to the conclusion that the optimal SA:V range is likely to be 
approximately 43 – 73 m2 m-3. A SA:V ratio of 50 m2 m-3 can conceptually be achieved by 
slicing a 1 m3 volume into fifty 2 cm thick slices with a total SA of 50 m2. Consequently 
our results suggest that for the REF strain the optimal SA:V range may lie between 43 – 
73 m2 m-3 regardless of the system geometry and that the optimal culture thickness under 
the conditions tested at the time of maximum PCE is ~1.3 – 2.2 cm for this strain in non-
cooled systems. This may be explained by considering that under the optimised conditions 
tested (i.e. highest productivity day of a given system) cells further than 1.3 - 2.2 cm from 
the illuminated surface receive little light to drive the process of photosynthesis, and so 
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impose a respiratory load, which reduced the PCE. Furthermore dark zones can result 
in the dark adaptation of cells, which significantly reduce productivity.  
 
Light dilution: The principle of light dilution can deal with the other extreme (excess 
light) and offers the two-fold advantage of distributing light to a greater number of cells 
and reducing exposure to photoinhibitory irradiance. More detailed laboratory based 
analyses of the HP strain in dilute microwell cultures designed to minimise self-shading of 
the algae cells, indicated that the optimal light intensity using a 5 mm path length was 
~150 µE m-2 s-1 (data not shown). This is well below incident light levels on a horizontal 
surface (up to 2100 µE m-2 s-1) typical of HRPs. Based on the measured light levels at the 
pilot plant and the optical thickness of the culture (which takes into consideration the 
optical properties of the cells, cell density and path length) it is possible to estimate the 
optimal optical thickness at the operational illumination levels.  
 
Since in batch culture, the cell density is constantly increasing and light levels fluctuate 
during the day, precise optimisation is complex. The use of continuous cultures with 
steady-state cell densities would allow the optical properties of the production system to 
be kept constant but would not address changes in solar intensity across the daily and 
annual production cycle. Theoretically cells in the culture could be exposed to more 
constant light levels through the adjustment of system orientation, or optical thickness, 
highlighting intriguing opportunities for development. Such dynamic adjustments must of 
course have positive economic and energy balance returns to be of commercial value and 
must also take into consideration their effects on the system in terms of temperature 
stabilisation (see ‘conclusions’). 
 
PCE: The energy distribution of the solar spectrum is reportedly approximately 5% in the 
UV, ~43% in the visible (PAR range) and 52% in the infrared. Our findings of ~46% PAR 
using a weather station (see ‘material and methods’) are broadly consistent with this. To 
standardise PCE with other solar industries we have reported PCE values on the basis of 
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total incident solar irradiation. The highest mean PCE (illuminated surface) value of 
2.5% based on total solar irradiance was achieved for the HP strain cultivated as a batch 
in a cooled low tubular PBR (Table 18). This is equivalent to a PCE value of 5.81% based 
on PAR irradiance. 
 
Heat load: The infrared component of the spectrum contributes to the heat load upon 
the microalgae production systems and increases with SA:V ratio as the amount of heat 
absorbed increases, while the thermal mass (i.e. the volume of the culture) decreases. High 
biomass productivity requires that microalgae are kept within a strain-specific optimal 
temperature range to maintain algal health (Figure 37). PBR geometry, orientation and 
SA:V ratio are all important for PBR temperature stabilisation. Managing infrared light 
absorption offers an additional opportunity to minimise incident heat load, to spray or 
active cooling. Future system designs could theoretically integrate infrared reflective films 
to help stabilise culture temperatures. An advance on this concept is the integration of 
new infrared absorbing photovoltaic materials, which are transparent to the visible region 
of the spectrum required for algal culture [315]. This approach could enable the generation 
of standalone ancillary power to support more distributed systems. Another alternative 
method of controlling photo-bioreactor temperatures involves the use of heat exchange 
systems and these could also largely eliminate the effects of heat load due to non-
photochemical quenching. However detailed techno-economic and life-cycle analyses are 
required to evaluate the respective benefits of these technologies in terms of improvements 
to the overall economic return and energy balance of the system. 
 
4.2.3.2 Systems optimisation – photosynthetic performance 
An ideal microalgae production system should absorb all incident solar radiation and 
utilise it at the highest possible PCE. Ideally systems should also be located in high flux 
density regions if area minimisation is important. HRPs cover a relatively large proportion 
of the area that they are installed on, and so absorb a large proportion of the incident 
solar radiation. However, as they do not incorporate the concept of light dilution, they 
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typically have PCE values of ~2% of total solar irradiation, largely due to losses 
through the process of non-photochemical quenching and suboptimal light distribution. In 
contrast the flat panel and tubular photo bioreactor systems incorporate the concept of 
light dilution and provide illumination conditions that are closer to optimum. However 
depending on the system design they may not absorb as much of the incident solar 
radiation. Consequently an important design principle for next-generation systems 
development is the optimisation of total light absorption and the level of light dilution, 
while at the same time maintaining temperature stability of the system. The increased 
efficiency of such PBR may be 2-4 times that of HRP but to attain cost benefit from such 
alternative systems requires that capital/operating costs increase proportionally less. Time-
resolved total, direct and diffuse PAR values (Figure 38) provide important constraints for 
process control optimisation in the near-term as well as system and strain design and 
orientation in the longer-term focused on maximum overall efficiency through the 
reduction of photo-inhibition and metabolic losses in unproductive dark zones. 
 
Figure 39 shows the PCE based on captured light (i.e. the illuminated PBR surface area) 
and total light (i.e. the illuminated ground area). The former is always higher as it 
excludes light not captured by the system which accounts for between 0.79 – 0.93 of that 
on a horizontal surface (Figure 39, Table 18). This suggests that the areal efficiency of the 
system could be increased if designed to capture more of the light incident upon a given 
area. On the other hand, if land area is much less expensive than bioreactor unit cost 
(which will often be the case), areal productivity may not be significant in comparison to 
volumetric productivity. 
 
Managing cell fitness: Future designs of closed PBRs also require consideration of the 
efficient management of contaminants such as predator organisms, bacteria or other native 
microalgae stains (e.g. crop protection), as all outdoor systems are subjected to 
contamination and this can have a dramatic influence on cell fitness and photosynthetic 
performance. Maintaining culture health (e.g. through the provision of optimum nutrients, 
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temperature and light levels) can be a cost effective strategy compared to attempting 
to achieve sterility, although the latter may be needed for high value applications. Regular 
harvests can assist by maintaining a constant algae cell concentration in continuous 
culture, and dilute out slow growing contaminating organisms. Real-time monitoring of LC 
cells, contaminating algae, bacterial and predator loads could provide four independent 
measures of culture health and assist in this process. Online analytical systems could be 
considered to measure algae:bacteria ratio as a cheap and rapid measure to assist quality 
control for inclusion in future PBR designs. This could also serve to locate cultivation 
difficulties in single modules of large array setups and initiate early stage troubleshooting 
to minimise production losses. 
 
4.2.3.3 Technical design considerations 
There are other important design consideration such as the choice of materials on the basis 
of cost, longevity and their optical properties (e.g. refractive index) to maximise cost 
benefit in terms of light delivery to the culture. At the culture level new design criteria 
must be considered.  
 
The provided data highlight the importance of light dilution properties, temperature 
regulation as well as production strain characterisation for future system designs. New 
design principles could integrating improved handling properties of tubular PBRs with 
excellent light dilution properties of the flat panel systems, for example through the use of 
more densely arranged tubes, an offset arrangement of horizontally stacked tubes or oval 
cross section shaped tubes with the elongated face positioned vertically. The use of gas 
supply in PBRs can also be considered a variable for the optimisation optical pathlength 
to match available light. Furthermore, robust culture level regulation controls should be 
considered for future system designs to maximise efficiency. 
 
Maximising biomass productivity requires that the highest possible growth rate be 
balanced with the maintenance of the highest cell density during continuous process 
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regimes. Nutrient and CO2 analyses indicate that generally these were kept at replete 
levels suggesting that they did not substantially limit growth (i.e. based on the extensive 
analysis previously conducted [316]). Energy balance and operational costs could 
potentially be achieved through targeted reduction of specific nutrients.   
 
Integrated serial system control: Future designs of PBRs would benefit from 
improvements in integrated serial system control to maintain optimum production 
conditions through feedback control. Carefully controlled continuous production runs could 
also significantly improve productivity if the optimal thickness of the culture could be 
adjusted to illumination conditions to yield the highest PCE values and biomass 
productivities. Continuous process regimes would benefit from precise nutrient supply 
equipment based on strain specific modelled nutrient uptake rates. In addition, the 
integration of CO2 micro-bubbling systems can potentially be used to uncouple pH control 
from mixing via air bubbles and hence reduce shear stress. 
 
4.2.4  Conclusion 
In conclusion, these experiments have yielded a number of important findings that can 
guide future optimisation of high-efficiency microalgae production systems. In these 
experiments the low flat panel systems gave the highest areal productivities while the 
tubular systems gave the highest volumetric productivities. This base data provides a solid 
foundation for next generation systems design interconnected principles laid out above.  
 
4.2.5  Material and Methods 
The trials were conducted at the Solar Biofuels Research Centre (Figure 35A, SBRC, 
www.solarbiofuels.org/sbrc), which provides advanced system testing facilities in a 
subtropical climate (University of Queensland, Brisbane, Australia). PBRs were adjusted 
to have similar illuminated surface area to footprint ratios in an array situation using PBR 
dummies (Table 23). 
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Microalgae: Due to legislative environmental restrictions, trials were conducted with 
two local isolates, which were characterised according to [312]. The reference strain was 
Chlorella sorokiniana (12_A9) (i.e. isolate 12_A9 [312]), which has been extensively used 
in other performance studies [305-308]. The second strain was a ‘high performance’ (HP) 
Chlorella sp. (i.e. isolate 11_H5, [312]). For details see Figure 46. 
 
Pre-culture preparation: Individual colonies of each species maintained on Tris-acetate-
phosphate (TAP) [219] agar plates (120 µE m-2 s-1, 23 ºC) were inoculated into liquid TAP 
medium under constant illumination (10 mL, 400 µE m-2 s-1, ~25 ºC). The culture volume 
was then gradually increased to 4 L through regular subculture in flasks (TAP medium) 
before being used as inoculum for a 20 L pre-sterilised cultivation bag (Pure Biomass, 
USA) (continuous 310 µE m2 s-1, ~25 ºC using TLD 58W/840, cool white, Philip 
fluorescent lights, RT, ~0.5 L min-1 air sparging, pH 7). Next the hanging bags were 
moved outdoors to adapt to natural conditions for 2 days (light intensity, day/night 
cycles, temperature fluctuation) until an OD750 of ~3 was reached. The season for both 
cultivations was late spring with a mean daily temperature range of 15.8-37.8 ºC and 15.3-
30.1 ºC and a mean solar irradiation of 23.26 and 23.68 MJ m-2 d-1 (BOM) for cultivation 
of the REF strain and the HP strain respectively. 
 
To increase the inoculum further for the pilot scale trials, the REF strain was next 
inoculated into a 1.5 m high flat panel PBR (300 L) using strain-specific optimised media 
[316] and grown to an OD750 value of 2.8. The cultures were then inoculated into HRP, 
flat panel PBR and tubular PBR systems to an equivalent starting OD750 of 0.38. This 
strategy was designed to yield cultures in late exponential phase to exploit the dual 
advantages of adequate cell density and reduced lag phases upon inoculation into the pilot 
scale cultivation systems. 
 
For the HP strain trials, two low flat panel PBRs (110 L) were inoculated with 10 L of the 
hanging culture bag culture using strain-specific optimised media [316]. After ~1 week the 
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two cultures were mixed in a HRP system (pre-cleaned with sodium hypochlorite) to 
establish a uniform starter culture. The cultures were then inoculated into HRP, flat panel 
PBR and tubular PBR systems to an equivalent starting OD750 of 0.184. For the 
comparative trials all cultivation systems were inoculated simultaneously in the evening to 
reduce light induced stress and to allow cultures to equilibrate before sunrise. Each culture 
was pH controlled (setpoint of pH 7, upper/lower limits: +0.2/-0.5) using ammonium 
hydroxide (8% v/v) as alkali and CO2 (1% CO2 and 99% air mixture) to acidify the 
medium. See ‘4.3 Supplementary data’ for additional detail on each system and its control. 
 
Pilot scale media preparation: Optimised nutrient media of the REF and the HP 
strain were based on [316]. Buffer (e.g. Tris) was excluded from cultivation media volumes 
larger than 20 L and pH was then maintained using a variable CO2/air mixture (1% CO2 
as a baseline concentration) and automated addition of 8% (v/v) ammonium hydroxide. 
Bulk volumes of these media for pilot scale trials were prepared using fertiliser grade 
chemicals where possible, rather than analytical grade reagents, to more closely match 
commercial systems (Table 20, Table 21, Table 22).  
 
High Rate Ponds: The HRPs (Figure 39, designed by Kellogg Brown & Root Pty Ltd 
Australia (KBR)) were fitted with a swinging paddle wheel, gas sparger (perforated PVC 
T-piece, 0.5 mm hole diameter) and sensors (see sensor section below) and were operated 
at 150 mm depth (292 L). The filling level correlates with the volume as follows: Filling 
height (mm) = (0.4953 × Volume (L)) + 6.052. A perforated PVC T-piece was used (0.5 
mm hole diameter) to bubble the culture with a CO2/ air mixture at a rate of 5 L min-1. 
 
Flat Panel (FP) PBRs: The low and high flat panel PBR systems (Figure 39, Molina-
Grima, Spain) were fitted with a custom designed head-plate with multiple 
instrumentation, chemical dosing and sampling ports (T, pH, DO, base, culture sample, 
off-gas sample), a custom designed gassing system (perforated PVC T-piece, 0.5 mm hole 
diameter) and a custom-designed cooling loop (Karlsruhe Institute of Technology, 
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Germany). Clear plastic bags (low density polyethylene LDPE, Magnet Packaging, 
Australia) were supported by two metal frames. The distance between the frames (i.e. the 
light path) is adjustable from 50 to 200 mm and was set to approximately 50 mm for the 
experiments conducted. 
 
Two flat panel support structures differing in height were used. The low flat panel frame 
(2500 mm wide × 750 mm high) was half the height of the high flat panel frame (2500 mm 
wide × 1500 mm high). The substantial pressure exerted on the frame by the liquid 
resulted in the frame bending outwards in the centre of each panel resulting in a deviation 
from the above specified path length. This effect was greater in the high flat panels and 
resulted in a ~30% increase in the expected volume of the high flat panels (320 L instead 
of 240 L) compared to the low flat panels (120 L). Cultures were sparged with a CO2/air 
mixture at a rate of 5 L min-1 for each low flat panel system and 10 L min-1 for the high 
flat panel reactors. 
 
Tubular PBRs: The tubular PBR systems (Figure 39, LGem B.V., Netherlands) 
consisted of 10 m long transparent PVC tubes (63 mm external diameter; wall thickness 
0.5 mm) which were joined into vertically stacked loops. Each PBR was connected to a 
120 L culture vessel located prior to the fluid pump, which also benefits gas exchange. The 
fluid pump and injected air flow moved the culture upwards through the tubular loop to 
the top of the gas exchange vessel (Figure 35D right hand side). Upon gas exchange the 
culture was pumped back into the loop. A CO2/air mixture was injected into the bottom 
of the tubular system just downstream of each fluid pump at a total flow rate of 40 L min-
1. The gas and culture travel upwards together through the tubular system to the top of 
the gas exchange vessel. Two tubular systems had an equal volume but differed in height. 
The continuous loop of the high tubular PBR was 253 m in length and had 23 U-bends 
(135 mm radius). The horizontal centre-to-centre distance between parallel tubes was 1250 
mm. The distance from the lowest to the highest point of the set of tubes (centre to 
centre) was 1490 mm. The low tubular PBR had a similar design but consisted of twin 
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modules. The loop of each module was 126 m in length (2x126=252m for the 2 module 
set) and had 11 U-bends (135 mm radius). The horizontal centre-to-centre distance 
between parallel tubes was 1250 mm. The centre-to-centre distance from the lowest to the 
highest point of the reactor tubes was 740 mm. Both the low and high tubular systems 
were operated at a total culture volume of 600 L. The piping for the low tubular system 
distributed the culture stream equally to separate module pumps. The high tubular system 
was operated in a gas-recycling mode to reduce CO2 wastage. This was achieved by 
injecting a mixture of recycled gas via a gas pump (AL-80 SB, ALITA Industries Inc, 
USA) and an external gas stream of 15 L min-1.  
 
PBR setup and settings: Production conditions of each system were standardised as 
closely as possible to the same illuminated surface area to footprint area ratio (see Table 
23). To simulate a commercial field array of modular flat panel and tubular systems, 
dummy reactors (PBR dummy) were used to shade the experimental reactors. Each PBR 
dummy consisted of temporary construction fences or a spare reactor of the same type that 
was mounted with shading cloth to provide approximately equivalent shading to adjacent 
systems of the same design. The distance of the PBR dummies to the reactor was 
determined on the basis of the illuminated surface to footprint area ratio. To model 
increasing culture density, the PBR dummies for the flat panel PBRs were initially fitted 
with one layer of shade cloth which was then supplemented with a second layer (day 5 of 
the REF strain cultivation, day 2 of the HP strain cultivation). The PBR dummies for the 
tubular system remained single-layered because this more closely matches the high amount 
of light shining through the spaces between the tubes. Table 23 summarises the PBR 
specifications. 
 
System orientation: The PBRs were physically aligned along the north-south axis; the 
vertical illuminated PBR surfaces facing in an east-west direction. Consequently, in the 
morning and evening the incident solar energy illuminated the maximum surface area of 
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the system. At midday the direct light illuminated only a minimal surface area, 
minimising heat load and photoinhibition. 
 
Sensors: All PBR systems were equipped with sensors for online measurement of 
temperature (temperature sensors, WKU-361-00DU, Electrotherm GmbH, Germany), pH 
(pH sensor, Polilyte Plus Arc, Hamilton Bonaduz AD, Switzerland) and dissolved oxygen 
(dissolved oxygen sensor, VesiFerm DO, Hamilton Bonaduz AG, Switzerland). An off-gas 
analyser (7MB 2335-0CP80-3AA0, Bühler Technologies) was used to measure O2 and CO2 
in the off-gas streams.  
 
Control units (CU) and software: The control units and software were designed at the 
Karlsruhe Institute of Technology (KIT). A process control unit (SIMATIC S7-1200, 
Siemens, Germany) provided the interface between all sensors connected to the 
photobioreactors, the mass flow controllers and magnetic valves to an external desktop 
computer. Each CU could connect to 16 sensors (6 using analogue and 10 using digital 
data communication). Sensor signals and other process parameter were sent to LabView-
based bioprocessing software (BioProCon, Karlsruhe Institute of Technology, Germany).  
 
Each CU was equipped with mass flow controllers (1179B and 1579A, MKS Instruments, 
USA) for air (1 for a set of 4 low flat panel reactors, 1 for a set of 3 high flat panel 
reactors, 1 for each tubular reactor) and CO2 (2 for a set of 4 low flat panel reactors, 2 for 
a set of 3 high flat panel reactors, 1 for each tubular reactor). For this experiment one 
HRP was connected using the air and CO2 controller of the high flat panel control system. 
 
Each CU was fitted with a ‘setup agent box’ for the addition of alkali. The set up agent 
box consisted of 5 magnetic valves that controlled the release of base into the cultivation 
system. Each valve regulated for one cultivation system and connected a tube from the 
storage container to the cultivation system. The 4 L base storage container installed 
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upstream of these magnetic valves was pressurised with about 0.5 bar pressure to 
supply base into the individual tubes when the valves were opened. 
 
pH control: The pH of the HRP and PBRs was regulated with ammonium hydroxide 
(8% v/v) as alkali and CO2 to acidify the medium (setpoint: pH7, upper/lower limits: + 
0.2/ -0.5). The alkali pump was switched on for 10 s per pH unit deviation from the 
setpoint, before being switched off for 100 s in the flat panel PBRs and the HRPs to allow 
for mixing. For the tubular PBRs the alkali pump was switched on for 15 s per pH unit 
deviation from the setpoint before being switched off for 60 s. CO2 was supplied at a 
working concentration of 1% CO2 and 99% air mixture (flow rates see Table 23) when pH 
was within the set upper and lower limits. Under conditions of increasing pH, the CO2 
concentration was set to rise proportionally to a maximum of 3% CO2 (97% air) to lower 
the pH in the low flat panel reactors and in the HRP. For the high flat panel PBR and the 
low tubular PBR a maximum of 4.5% CO2 was used while for the high tubular PBR a 
maximum of 6% CO2 was required to maintain the pH within the defined working range. 
CO2 input concentrations were allowed to drop to 0% for the HRP and flat panel PBRs 
and to 0.05% for the tubular PBRs when pH levels decreased. 
 
Gas input and output: Dissolved oxygen values were recorded for the HRP, the high 
flat panel and the high tubular reactor and off-gas values (O2, CO2) were recorded for all 
PBRs during the cultivation of the REF strain. 
 
Temperature: Both strains were cultivated at ambient temperature. The individual 
HRP/PBR temperature values were recorded on a 1-minute timescale. For the cultivation 
of the REF strain and the HP strain each reactor (1 HRP, 1 low FP, 1 high FP, 1 low 
tubular, 1 high tubular) was equipped with a temperature sensor. However in the case of 
the HP strain experiments, a cooling process was initiated in two of the four low flat panel 
systems (FP low 2&4) when PBR temperatures exceeded 35 ºC. The same temperature 
control protocol was used for the tubular low and high systems. Flat panel system cooling 
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was controlled via the temperature sensor by opening a solenoid valve (60 s ºC-1, then 
off for 1 s) to allow the circulation of chilled water (~13-15 ºC) through a looped metal 
pipe inserted through the top into the flat panel system. The tops of the tubular PBRs in 
contrast were cooled with a fine water mist, by opening a solenoid valve (90 s ºC-1, then 
off for 1 s) when the individual reactor temperature exceeded 35 ºC.  
 
Microscopic analysis of cultures: Algal cultures were observed microscopically twice a 
day (Olympus BX41 microscope, 200-400x magnification). These analyses yielded prompt 
information about culture status in terms of cell morphology, health, aggregation and the 
presence of predators and other contaminants. 
 
Flow cytometry: Cytometric analyses were conducted using a BD FACS Canto II Flow 
Cytometer (BD, San Jose, USA). Forward scatter (FSC) and side scatter (SSC) 
measurements were taken using the 445 nm blue laser (See Figure 45 and “Supplementary 
data’ for details). Routine fluorescent gating of algal cells was carried out using the 670 
nm long pass filter (670LP, which detects chlorophyll fluorescence) to define a population 
which was consistent with the size of algal cells (high in forward scatter area; FCS-A) and 
high in chlorophyll fluorescence area (high 670LP-A). This excluded cell debris, bleached 
cells or bacteria. Normally, gated algal populations were the dominant type of event 
detected. 
 
Photomultiplier voltage gain parameters were typically set as follows: Forward scatter 
(FSC, 350V, log scale), Side scatter (SSC, 300V, log scale), 670 nm long pass filter 300V 
(log scale). Each Flow cytometry (FC) gate was set to define specific microalgae 
populations and to exclude any non-fluorescent particles. FACS Diva software (BD, San 
Jose, USA) was used for data acquisition and analysis. Confirmation of algal populations 
and accuracy of cell counts were obtained by comparing an internal microsphere cell 
counting standard (Count Bright™; Invitrogen CA) to the flow cytometric sample (single 
platform testing). A 1:9 dilution of Count Bright™ suspension was added to the microalgae 
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culture. Using a forward scatter area (FSC-A) vs. side scatter area (SSC-A) plot to 
separately gate cell events vs. bead events, the ratio of bead events to cell events (together 
with the known concentration of beads) was used to calculate the absolute cell 
concentration. This did not vary more than a few percent based on counts of the number 
of cell events and compared with an external cell suspension with a known cell 
concentration based on haemocytometer counting. 
 
Algal samples fixed in 1% glutaraldehyde and 1% paraformaldehyde were stored at 4 oC in 
the dark for less than a week. Prior to analysis they were vortexed briefly to ensure the 
cell suspension was uniformly distributed and then diluted 1 in 4 with PBS and sampled 
for 20 seconds prior to the start of data recording to ensure a steady flow stream. Data 
was then recorded for 30 seconds. 
 
Gating was also carried out to distinguish the following populations: bleached and dying 
algae cells were identified as a population having chlorophyll fluorescence levels below the 
boundary of the gate established for a healthy growing laboratory culture of each strain. 
Clusters of algal cells and aggregated algae were identified as a population with an 
increased intensity of both size (FSC-A) and chlorophyll fluorescence (LP670-A) along the 
diagonal axis of these two parameters. This subpopulation was again defined relative to a 
sample of a healthy growing population which consisted predominantly of individual cells. 
Bacteria sized particles were defined by a gate established by a sample population of E. 
coli, which show a population at high side scatter (SSC-A) distinguishing them from 
bubbles, dust and other impurities. 
 
Biomass concentration and growth parameter determination: OD750 and OD680 
measurements were spectrophotometerically measured in a 1 cm pathlength cuvette (T60 
UV-Visible Spectrophotometer, PG Instruments). The culture samples were diluted 
appropriately and measured in triplicate three times a day (10 am, 12.30 pm, 3.30 pm). 
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The volumetric biomass yield Yvol (g L-1) was determined by collecting 3 x 5 mL 
samples in pre-weighed tubes (5 mL Polystyrene Round-Bottom Tube, BD Falcon™) 1-2 
times a day. Each sample was centrifuged (2,300xg, 10 min) and the supernatant carefully 
removed (used for nutrient analysis), before the pellet was dried for 3 days at 80 ºC 
(Labec oven ODWF36, LABEC Laboratory Equipment Pty Ltd, Australia) or until weight 
remained constant. The tubes were then weighed on a 6-figure precision balance 
(Shimadzu AUW220D) and dry weight biomass (DW) determined by subtracting the 
weight of the empty tube.  
 
Specific growth rate µ (d-1) was calculated based on optical density (OD750) increase 
over unit cultivation time (Δt in days). Growth rates were calculated for the batch 
cultivation µ (mean) and the highest specific growth rate during the batch cultivation µmax. 
Two consecutive OD750 data points were used throughout the cultivation period for each 
HRP/PBR to calculate µ periodically, with the highest value defined as µmax (Equation 
16). 
 
Equation 16: µ = Δ [ln (OD750)] × Δ t-1 
 
Volumetric biomass productivity Pvol (g L-1 d-1) and areal biomass productivity 
Pareal (g m-2 d-1) represent the daily biomass increase per unit reactor volume (Vreactor) 
or reactor footprint (Afootprint), respectively. Productivities were determined for the entire 
batch (Productivity (batch)) and for the highest recorded daily productivity (Productivity 
max (batch)) (Table 24, Table 25).  
 
Equation 17: Pvol = (Yvol,t2 – Yvol,t1) × (t2 – t1)-1   
Equation 18: Pareal = (Yvol,t2 – Yvol,t1) × (t2 – t1)-1 × (Afootprint)-1 
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Nutrient analysis of culture media: Elemental analyses of the HP strain media 
were performed at the Advanced Water Management Centre (AWMC) at the University 
of Queensland using the methods described in [316]. Ammonia (sum of ammonium and 
ammonia), NOx (sum of nitrate and nitrite), and phosphate were analysed on a Lachat 
QuikChem8500 Flow Injection Analyser (FIA). Metal ions were analysed by ICP-OES 
(Inductive coupled plasma optical emission spectrophotometer) and chloride and sulphate 
concentrations analysed by a compact Dionex ICS-2000 ion chromatograph (IC). 
 
A weather station containing a pyranometer (Pyranometer CMP11, Kipp & Zonen, 
Germany), a solar irradiance sensor (Sunshine sensor BF5, Delta-T Devices Ltd, United 
Kingdom) and a climatic sensor unit (Clima Sensor US, Adolf Thies GmbH & Co. KG, 
Germany) was used to monitor and record global radiation (W m-2), PAR total and diffuse 
(µE m-2 s-1), wind speed and direction (m s-1, º), ambient temperature (ºC), humidity (%), 
atmospheric pressure (hPA) and precipitation (mm h-1) during the cultivation of the HP 
strain. 
 
Incident PAR: Light conditions for all laboratory grown pre-cultures were measured 
using a universal light meter (ULM-500, Heinz Walz GmbH, Germany). For the pilot scale 
trials, half hourly incident total (direct and diffuse) and diffuse PAR on a horizontal 
surface for cultivation of the REF strain was modelled from actual total daily radiation 
(MJ m-2) data available for Brisbane (www.bom.gov.au, see ‘Supplementary data’: Light 
calculations). The model could not predict short-term changes in light due to intermittent 
cloud cover. The on-site weather station (see ‘weather station’ section) monitored 
horizontal total solar energy (W m-2) as well as horizontal total and diffused PAR (µE m-2 
s-1) at 1-minute intervals for the cultivation of the HP strain. Incident light received at 
each PBR surface was predicted based on the horizontal PAR measurements at 30-minute 
intervals. The calculations accounted for the PBR tilt angle, orientation, geometry, 
illuminated surface area, shading between adjacent PBRs and gradients of diffuse radiation 
between parallel-stacked panels (‘Supplementary data’: Light calculations including Figure 
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47). Modelled predictions were validated against light measurements taken at the 
SBRC in the morning, noon and afternoon using a cosine corrected sensor (MQS-B, Heinz 
Walz GmbH, Germany) at each PBR surface. Three measuring points (north, middle, 
south) were taken on the HRP culture surface and three measuring points diagonally 
across each flat panel side (top north, centre, bottom south). The tubular PBRs were also 
measured at three diagonally distributed points along the west side of the tubes. At the 
individual measurement points the light was measured at four locations around the tube 
with the sensor facing top, east, bottom and west. 
 
PCE calculation: The PCE of algae was calculated as the quotient of input solar energy 
versus the energy of biomass (chemical energy) output: 
Equation 19: PCE(%) = Pareal × Ebiomass × (E)-1 × 100 
 
In Equation 19, Pareal (g m-2 d-1) is the mean daily areal productivity, Ebiomass the energy 
content of biomass, which was approximated based on a calorific value of 21.9 MJ kg-1 
typical of biomass produced under nutrient replete conditions with a 10% lipid content 
[119] (see Figure 48). E is the mean solar energy received on irradiated surface area and 
irradiated footprint area (MJ m-2 d-1).  
 
Thermal inertia calculations: The thermal inertia of each system was calculated based 
on mean temperature (Equation 20) and temperature amplitude (Equation 21) during the 
cultivation. The temperature amplitude (Equation 22) is the difference of the highest 
(Tmax,batch) and the lowest (Tmin,batch) temperature during the batch run. 
Equation 20: Ti,mean = Tmean,culture / Tmean,ambient  
Equation 21: Ti,amplitude = Tampl.,culture / Tampl.,ambient  
Equation 22: Tamplitude = Tmax,batch – Tmin,batch  
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4.3  Supplementary data 
 
Figure 46: Morphological and rDNA comparison of the reference strain C. sorokiniana 
(12_A9) to other strains described in literature. 
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Table 20: Media composition for C. sorokiniana (12_A9) (REF strain) and Chlorella sp. 
(11_H5) (HP strain) used for outdoor cultivation (see Table 21 and Table 22 for mg L-1). 
Chemicals C. sorokiniana 
(12_A9)(REF) 
[mM] 
Chlorella sp. (11_H5) 
(HP) 
[mM] 
(NH4)2SO4 9.128 - 
(NH2)2CO - 3.34 
Ca(NO3)2 0.547 0.547 
KNO3 2.012 0.016 
K2SO4 - - 
KH2PO4 - 1.991 
(NH4)H2PO4 2.028 - 
MgSO4 1.584 1.584 
FeSO4 0.002 0.002 
Na2-EDTA 0.5373 0.5373 
MnSO4 0.03 0.03 
CuSO4 0.01 0.01 
ZnSO4 0.142 0.142 
Na2B8O13 0.028 0.028 
CoCl2 * 1.66 × 10-3 1.66 × 10-3 
Na2MoO4 6.8 × 10-3 6.8 × 10-3 
Na2SeO4 4.18 × 10-5 4.18 × 10-5 
VOSO4 * 2.3 × 10-6 2.3 × 10-6 
Na2SiO3 * 0.0036 0.0036 
NaCl 1.711 1.711 
* Analytical grade chemicals 
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Table 23: Operational PBR specifications. PBRs were adjusted to have similar illuminated surface 
area to footprint area ratios (grey) in an array situation using PBR dummies. 
 FP low FP high tubular low tubular high pond *** 
VReactor [L] 120 320 600 600 292 
AFootprint (length 
× width) 
[mm] 
2615 
× 
341 
2615 
× 
681 
10050 
× 
1040 
10,050 
× 
1053 
--- 
AFootprint 
[m²] 0.89 1.78 10.45 10.58 2.50 
AIlluminated 
[m²] ** 3.75 7.50 49.48 49.48 2.03 
AIlluminated / 
AFootprint 
[m² × m-²] 
4.21 4.21 4.73 4.68 0.812 
AFootprint / 
VReactor 
[m² × L-1] 
0.03125 0.02344 0.08247 0.08247 0.00695 
VReactor / 
AFootprint 
[L × m-²] 
134.57 179.69 57.41 56.70 116.90 
AIlluminated / 
VReactor 
(m-1) 
31.25 23.44 82.47 82.47 6.96 
Distance PBR 
dummies * 
[mm] 
250 600 190 715 - - - 
Mixing sparging sparging fluid pump + gassing 
fluid pump + 
gassing paddle wheel 
Gas flow rate 
[L × min-1] 5 10 40 
15 + ~25 
(recycling pump) 5-10 
Gassing rate 
[vvm] 0.042 0.031 0.067 0.067 0.017 
* Distance from outer reactor surface to shading cloth 
** Illuminated area in pond depends on level as the pond has a conical shape 
*** Footprint includes the inner wall 
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Table 24: Productivity and yields of the REF and the HP strains. The values shown represent 
the highest levels achieved in each system in terms of volumetric productivity (Pvol in g L-1 d-1), areal 
productivity (Parea in g m-2 d-1) and yield (Y in g L-1) observed over the entire cultivation period (batch). 
Cultivation 
system 
 REF strain: 
C. sorokiniana (12_A9)  
HP strain: 
Chlorella sp. (11_H5)  
 Parameter (unit) Daily 
maximum 
Batch Daily 
maximum 
Batch 
Flask Pvol (g L-1 d-1) - 0.023 - 0.223 
Parea (g m-2 d-1) - - - - 
Y (g L-1) - 0.157 - 2.637 
HRP Pvol (g L-1 d-1) 0.207 0.033 0.135 0.07 
Parea (g m-2 d-1) 24.2 3.9 15.8 8.2 
Y (g L-1) 0.433 0.56 0.315 0.503 
Low flat panel 
PBR 
Pvol (g L-1 d-1) 0.227 0.055 0.094 0.05 
Parea (g m-2 d-1) 30.6 7.4 12.6 6.7 
Y (g L-1) 0.767 0.913 0.198 0.331 
High flat panel 
PBR 
Pvol (g L-1 d-1) 0.227 0.031 0.128 0.075 
Parea (g m-2 d-1) 40.8 5.6 23.0 13.5 
Y (g L-1) 0.593 0.773 0.417 0.545 
Low tubular 
PBR 
Pvol (g L-1 d-1) 0.32 0.114 0.503 0.433 
Parea (g m-2 d-1) 18.4 6.5 28.9 24.9 
Y (g L-1) 1.047 2.02 1.663 2.316 
High tubular 
PBR 
Pvol (g L-1 d-1) 0.473 0.134 0.485 0.327 
Parea (g m-2 d-1) 26.8 7.6 27.5 18.5 
Y (g L-1) 1.313 2.17 2.016 2.166 
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T
able 25: P
hotobioreactor perform
ance sum
m
ary listing m
axim
um
 and m
ean volum
etric density Y
vol  (g L
-1), volum
etric productivity P
vol  (g 
L
-1 d
-1) and areal productivity P
areal  (g m
-2 d
-1) for C
. sorokiniana (12_
A
9) and C
hlorella sp. (11_
H
5). 
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Incident light calculations: 
For each reactor type, PAR and PCE values were calculated from the amount of incident 
radiation falling on the reactor’s surface as well as the total incident light falling on an 
areal square metre (horizontal radiation). Incident light was modelled as described below 
and validated against actual measurements taken at multiple points along each reactor 
surface at three times points (morning, midday and afternoon) during the cultivation of C. 
sorokiniana (12_A9) (REF strain). The mean values for each reactor of modelled and 
experimental data differed by less than 7%. 
 
Estimate of horizontal incident radiation: For cultivation of the REF strain, half 
hourly direct and diffuse PAR incident on a horizontal surface (Ib and Id respectively, µE 
m-2 s-1) was estimated from daily global solar radiation data, H (W m-2) for Brisbane 
(station number 040913, Bureau of Meterology (BOM), www.bom.gov.au) using the solar 
equations of Duffie and Beckman, 1980 [317]. These have been previously applied to 
photobioreactor modelling [318, 319]. For cultivation of the HP strain, an onsite weather 
station was installed at the SBRC, and subsequently 1-minute recordings of I and Id were 
used. A correlation of daily weather station data taken at the SBRC found readings were 
on average 6.65% higher than that of BOM data, and subsequently H inputs for the REF 
strain trials were corrected by this amount. 
 
Estimation of radiation on flat panel PBRs: The amount of direct and diffuse PAR 
incident on a flat panel surface was modelled according to the equations described in [319]. 
Briefly they estimate the amount of direct PAR at the surface of a flat panel reactor, Ibt 
(µE m-2 s-1), relative to that on a horizontal surface, Ib, accounting for the reactor’s tilt 
angle, β (o) relative to the ground and its orientation, γ (o) between the normal of the 
reactor surface (where south = 0o in the northern hemisphere or north = 0o in the 
southern hemisphere). Shading effects caused by parallel placement of stacked panels were 
accounted for by estimating the fraction of the panel surface to receive no Ibt as a function 
of the solar zenith angle over time. The amount of diffuse radiation at the reactor surface, 
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Idt, was estimated from Id, accounting for Idt on each side of the two-sided reactor, the 
geometric factor caused by β, and the light penetration down the height axis of the panel, 
which causes a gradient from high to low known as the so-called ‘canyon effect’. For rough 
surfaces such as concrete, a portion of I received at the ground is reflected back onto the 
panel surface [320], defined by the albedo constant, which was set at 0.5. The shading 
caused by the structural metal frame holding the plastic bags in shape (see Figure 39) was 
not taken into account for calculations (it accounts for less than 0.5% of the flat panel 
PBR illuminated surface area). 
 
Estimation of incident radiation on tubular PBRs: Equations to estimate direct 
and diffuse PAR incident on a flat panel surface are described in [321]. Unlike flat panel 
reactors where the tilt angle, β is a fixed parameter, in vertical tubular systems, Ibt was 
calculated at each point on the tube’s circular surface to account for changes in β, relative 
to the normal of the surface. The top row of vertical tubes is unhindered by shading from 
other tubes. Various points of each tube on lower rows of tubes along a vertical column are 
shaded by upper tubes (Figure 47) as a function of the solar hour over time, and the last 
angle receiving direct PAR. In addition to shading from tubes above, shadow effects are 
caused by adjacent columns of tubes within the same system (low and high tubular 
systems have four and two columns respectively), as well as neighbouring reactors 
(simulated by fences with shading cloth). These were also factored in. Diffuse and ground 
reflected radiation was estimated as described above. 
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Figure 47: Shading of vertical tubular PBRs. Various line segments used to calculate the final tilt 
angle, β3 on lower tubes receiving direct PAR, Ibt. 
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Figure 48: Compositional algae biomass analysis (lipids). A) Total (coloured bars) and non-polar 
(hatched bars) lipids (mg/ml) for C. sorokiniana (12_A9) for the five cultivation systems tested. B) Total 
(coloured bars) and non-polar (hatched bars) lipids (mg/ml) for Chlorella sp. (11_H5) for the five 
cultivation systems tested. C) Total (coloured bars) and non-polar (hatched bars) lipids (mg/ml) for 
Chlorella sp. (11_H5) for flat panel PBRs 1,2 and 3. D) FAME analyses of non-polar lipids for Chlorella sp. 
(11_H5) for the low flat panel PBR and the tubular PBRs at 92.5 hours of cultivation. E) Fatty acid methyl 
ester (FAME) analyses of polar lipids for Chlorella sp. (11_H5) for the low flat panel PBR and the tubular 
PBRs at 92.5 hours of cultivation. 
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Figure 49: Individual flat panel PBR performance in an array of 4. A) Growth curves of Chlorella 
sp. (11_H5) (HP strain) in the low flat panel PBRs 1-4 based on biomass density (g L-1). B) Graphs showing 
average volumetric densities (g L-1) and average volumetric productivity (Pvol) and areal productivities 
(Pareal) of Chlorella sp. (11_H5) (HP strain) in the low flat panel PBRs 1-4. Error bars are attained from 
technical replicates. 
 
 
Figure 50: PCE in response to solar energy (PAR) for the batch cultivation period of the REF 
and HP strain trials. 
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Figure 51: Nutrient concentrations in the media (sampled as technical triplicates with a 
standard deviation of 5%), pH and CO2 supply during the cultivation of Chlorella sp. (11_H5) 
in the HRP (Pond, red), low flat panel PBRs (FP low 1-4, light blue), high flat panel PBR 
(FP high, dark blue), low tubular PBR (low tubular, light green) and high tubular PBR (high 
tubular, dark green). A) The data shows that shows daily nutrient levels for N- and P-sources, K, S, Na, 
Cl, Ca, Mg, Zn, B, Co, Cu, Fe, Mn and Se of the Chlorella sp. (11_H5) cultivation media to examine the 
rate of nutrient depletion. B) It also shows the pH and CO2 supply over the course of the cultivation of 
Chlorella sp. (11_H5), which is closely coupled to CO2 and ammonium hydroxide supply during the 
cultivation. 
 
Table 26: Average ambient and REF strain culture temperatures in the different reactor 
designs from 19th September – 4th October 2013.  
REF strain ambient HRP FP low FP high tubular low tubular high 
average 23.98 21.58 25.35 25.18 24.49 24.71 
min 11.54 10.46 15.16 15.98 11.32 11.35 
max 43.05 32.11 37.99 36.02 42.78 43.75 
range 31.51 21.65 22.84 20.05 31.46 32.40 
average +/- 15.76 10.82 11.42 10.02 15.73 16.20 
       
 
Table 27: Average ambient and HP strain culture temperatures in the different reactor designs 
from 14th November – 21st December 2013.  
HP strain ambient HRP 
FP low 
cooled FP low FP high 
tubular low 
cooled 
tubular high 
cooled 
average 21.87 23.27 24.92 25.00 25.47 24.26 23.97 
min 12.30 15.26 16.02 15.94 16.62 12.98 13.03 
max 32.20 33.80 37.25 36.78 35.11 40.11 36.94 
range 19.90 18.54 21.23 20.84 18.49 27.13 23.91 
average +/- 9.95 9.27 10.61 10.42 9.25 13.56 11.96 
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Figure 52: Batch temperature profiles for the cultivation of C. sorokiniana (12_A9) (REF 
strain) cultivation (left hand panels) and Chlorella sp. (11_H5) (HP strain) cultivation (right 
hand panels). The graphs show the culture (purple line) and ambient (black line) temperature 
characteristics for the HRP (A, B), the high flat panel PBR (C, D), the low flat panel PBR (E, F), the low 
tubular PBR (G, H) and the high tubular PBR (I, J). The yellow-shaded area represents the period culture 
temperature exceeded the ambient temperature and by how far. 
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Figure 53: C
orrelation betw
een productivity and SA
:V
 ratio of individual system
 types. Cultivation system
 design effects on the m
axim
um
 and m
ean 
areal (blue) and volum
etric productivities (black) for the H
P strain in term
s of m
axim
um
 daily productivities (A
) and batch m
ean productivities (B) and the R
EF 
strain in term
s of m
axim
um
 daily productivities (C) and batch m
ean productivities (D
). The data were fitted with a linear and second order polynom
ial equation 
(bold). 
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5  Conclusions and future directions 
Future energy solutions are required not only to deliver energy to a rapid growing global 
population, but also to safeguard the environment, the basis of life on Earth. Microalgae 
biomass production systems use photosynthesis to convert solar energy into chemical 
energy through the production of a range of complex biomolecules that collectively form 
biomass. These include oils, proteins, starch, nucleic acids and cellulose amongst others, 
which can be enriched through targeted production protocols, or separated within a 
broader refining concept. Increasing microalgal biomass productivity was the major focus 
of this study as it was found to be one of the most important variables affecting economic 
viability for low value commodity products [106]. The project has aimed to streamline the 
process of microalgae strain selection and nutrient optimisation and to transition 
laboratory performance experiments to pilot scale for commercial production scenarios.  
 
For commercial deployment of algae fuel systems production costs must be reduced, while 
IRR and EROI are increased. One approach to achieve this is to increase PCE by fine-
tuning the photosynthetic machinery. For industrial exploitation of microalgae other up- 
and downstream processing aspects have the potential for optimisation, such as the 
management of contamination and pathogens, the recycling of water and other resources, 
harvesting, product refinement and quality control of the product. However each of these 
is a research field on its own right and is beyond the scope of this thesis. Another major 
advantage of algae in addition to their use for solar fuels is that their light-capturing solar 
interfaces can be coupled to a wide range of downstream solar-powered biochemistries. 
This opens up high-value, near-market opportunities (e.g. vaccine and nutraceutical 
production in algae) and opportunities for mid-value intermediate products (e.g. bio-
plastics and animal feeds). Such opportunities support the refinement and cost reduction 
of microalgae system on the path to delivering low cost fuels. 
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5.1 Bio-prospecting of microalgae for biotechnological 
applications 
Microalgae strain isolation: More than 100 strains (mostly Chlorophytes) have been 
purified to the axenic level and about 50% were successfully cryo-preserved for long-term 
storage [269]. Typically the water sources collected yielded about 10 microalgae strains per 
sample. The biodiversity recovered depends upon the biodiversity of the original water 
samples on the one hand and on the isolation technique on the other hand. For the rapid 
isolation of fast growing and robust strains nutrient enrichment techniques in combination 
with FACS were beneficial. FACS as a platform for developing local microalgae strain 
collections has clear benefits as it can sort and dispense over 500 events per hour and leads 
in many cases to axenic isolates in only one isolation step. In combination with 
micromanipulation techniques the biodiversity of recovered strains can be enhanced. Local 
isolates are also often more robust to local climate conditions compared to algal strains 
from culture collections. Ten strains tested under outdoor conditions (data not shown) 
have proven to be resistant to local outdoor conditions (factors such as local light 
intensities, temperature highs and predator species) under sufficient nutrient levels (tested 
in chapter 2, [316]). 
 
Microalgae strain identification: The taxonomic identification was based on 
morphological classification and ribosomal DNA analysis (16S, 18S). However, the limited 
amount of sequence data in public databases in combination with the vast biodiversity of 
microalgae restricts the success of finding 100% sequence matches. The on-going 
establishment of molecular techniques for microalgae taxonomy will reduce these restraints 
in future and also promises to reveal further insights into the evolutionary development of 
microalgae. 
 
Microalgae strain database development: Inseparable with the taxonomic 
identification of an algae isolate for future use in biotechnological applications is the 
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establishment of a database that incorporates all characteristics that are known and 
collected for each isolate being included in a strain collection. The maintenance of up-to-
date databases is time consuming with on-going experiments and addition of strains. 
Ideally, strain databases will be developed based on tailored computer applications that 
allow for regular editing and modifying (e.g. organising, deleting, sorting, indexing, 
searching) of content from a central interface (e.g. a ‘content management system’ (CMS) 
used by the internet platform Wikipedia) rather than spreadsheet applications (e.g. 
Microsoft Excel).  
 
Collecting characteristics of microalgae strain: Initial screens of this study focused 
on biomass productivity as a primary criteria being a critical economic driver for 
commercialisation. Nutrient preferences and specific growth rates of the 100 strains as well 
as biomass productivities were also added to the database. Known nutrient preferences for 
example provide additional opportunities to tailor the choice of strain to specific 
environments rather than the converse. On-going strain development will require further 
targeted screens for a range of other useful characteristics including oil composition and 
profile, predator resilience, flocculation and other traits that enhance harvestability (e.g. 
floatation or sedimentation), and capacity for wastewater systems and bioremediation. 
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5.2  High-throughput growth screening method for microalgae 
The optimal production of selected microalgae strains requires the optimisation of 
production variables including nutrients, CO2 levels, light dilution properties, pH and 
temperature.  
 
Statistical nutrient screen: The development of a powerful automated high-throughput 
microalgal screening system was described in chapter 2, starting the growth optimisation 
process with a multidimensional statistical nutrient screen. The screening matrix was 
designed to identify improved nutrient conditions for a broad range of species 
simultaneously, within a complex multi-dimensional statistical space and was shown to 
improve the photoautotrophic growth performance [272]. The miniaturised multiwell 
Screen format enabled the analysis of 12 macro- (N [i.e. NO3-, NH4+ & urea], P, Ca, Mg) 
and micro-elements (Mn, Zn, Cu, B, V, Si, Fe, Se) with the remaining elements provided 
in reportedly replete levels and at 1% CO2 concentrations (adjustable). During system 
methodology evaluation experiments Ca, Fe, Zn, Mg and Mn were found to have the 
highest impact on growth (‘main effects’) for the strains and nutrient concentrations 
tested. Important pair-wise ‘nutrient interactions’ identified included Ca-Mg and Mn-Zn 
for each strain. Based on these findings Ca and Mg concentrations were adjusted and 
successfully improved the maximum specific growth rate observed in subsequent 
experiments of the same format. This demonstrated that identifying the ‘main effects’ and 
‘nutrient interactions’ via this nutrient screen matrix can greatly assist in tightly defining 
a subsequent full-factorial screen-set to assist with further optimisation of algae production 
processes.  
 
Screening other growth influencing parameter: The robotic growth monitoring of 
96-well plates (current setup) based on optical density measurements enabled the screening 
of 1728 different conditions simultaneously thereby providing a powerful tool to screen not 
only element nutrient composition but other factors in a high-throughput fashion. Such 
factors include the influence of waste streams at various concentrations and their 
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enhancing or inhibiting effects on growth. In a further development 1728 individual 
light-emitting diodes (LEDs) were installed to illuminate each of the eighteen 96 wells of a 
microplate individually, in the range of ~0-3000 µmol photons m-2.s-1. Furthermore this 
setup provides the ability to adjust the light intensity between 0-100% in 1% increments 
and enables the programming of fixed or dynamically changing light-dark cycles simulating 
a range of conditions including day-night cycles of outdoor conditions, and flashing light 
cycles equivalent to mixing of cells in photobioreactor. 
 
Refining the method to broaden the screening scope: Certainly the capacity to 
improve the temperature and humidity control is advantageous. Managing temperature 
highs (≥35 °C) and lows (≤20 °C) typically appearing in outdoor cultivation systems 
would be worthwhile examining in terms of their effect upon individual species, and any 
impact upon nutrient effects. The integration of photographic recording, FACS analysis 
and FTIR screening opens up further opportunities to extend analyses to factors affecting 
cell aggregation, cell division and metabolic pathways. The continued development of 
software-automated analysis of growth data will further reduce labour intensive data 
processing that often represents the bottleneck of high-throughput screening approaches.  
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5.3 Media design and microbial screening from miniaturised 
screening to large scale production 
Identification of microalgal biomass production candidates: The developed high-
throughput nutrient screening (chapter 2) enabled the opportunity to assess 
uncharacterised algae strains for high specific growth rates as a proxy for biomass 
productivity soon after their isolation from the environment (chapter 3). The miniaturised 
process design enables the integration of microalgal growth selection and media design and 
so the rapid identification of useful production candidates for more detailed analysis. The 
suitability of strains can be defined and screened for process-orientated criteria for a 
specific product or application based on techno-economic and life cycle analysis.  
 
Mapping relevant strain specific nutrient preferences: This study aims to advance 
the mapping of robust concentration regions of nutrient repletion and reduce the search 
space of biochemically relevant nutrient concentrations. Future work can subsequently 
explore the ‘lower concentration limits’ of repletion for process monitoring purposes at 
larger scale in an iterative fashion. Furthermore detailed validation studies can be used to 
obtain accurate quantitative data at those limits. Minimising the loss of excess nutrients 
into waste water outflows will also enhance the sustainability of a microalgae production 
process at large scale. 
 
Mapping general trends: The comprehensive datasets obtained enable the identification 
of nutrient interactions and can subsequently be explored to identify their physical, 
chemical or biochemical basis and to elucidate their corresponding central mechanisms. 
Calcium (32 species), magnesium (32 species) and zinc (20 species) were identified as the 
most significant nutrients for 100 tested microalgae strains (collecting ~600,000 data 
points) affecting photoautotrophic growth at elevated CO2 concentration. The most 
important pair wise interactions in terms of their effect on growth rate were found to be 
Ca-Mg (16 strains), Mg-Zn (15 strains), B-Zn (13 strains), B-Se (13 strains), Mn-Zn (13 
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strains) and Zn-Si (14 strains). Of the 100 strains screened 90 were able to grow in 
acetate, 66 in cellobiose, 61 in pyruvate, 53 in succinate, 52 in aspartate, 47 in mannitol, 
41 in glucose, 39 in arginine, 30 in sucrose and 26 in glycerol. 
 
Validating growth rates as a proxy for biomass productivity: The 10 best 
performing strains were selected as production candidates for validation experiments in 
flasks based on maximum specific growth rate, taxonomic diversity and compositional 
analysis (data not shown, analysis were performed by Anja Doebbe at University of 
Bielefeld, Germany). The biomass productivities compare well with literature values at 
laboratory scale (e.g. [212]) with 6 of the isolated strains achieving biomass concentrations 
of ~2 g.L-1 or more (up to 2.78 g.L-1) within 13 days (≥0.15 g.L-1.day-1) under continuous 
low light conditions (120 µmol photons m-1.s-1). 
 
Develop nutrient models to benefit process control: To increase efficiency and 
reliability in large scale biotechnological production scenarios the modelling tools to 
predict nutrient uptake related to growth rate and biomass productivity are desirable. 
Understanding the importance of each nutrient in terms of the ultimate productivity 
outcomes enables the appropriate investment in equipment and services required to 
optimise profitability of energy balance, while avoiding investment in monitoring variables 
of negligible impact. However, the design of accurate models as a prediction tool will not 
just require the knowledge of nutrient supply and nutrient depletion in the media (see 
chapter 3 and 4) but also compositional analysis of the biomass revealing nutrient 
accumulation in future experiments. For commercial plant design, microalgae nutrient 
uptake data are critical to identify regularity of individual nutrient dosing intervals (such 
as e.g. dimensions of dosing equipment) to maintain optimal conditions and would have 
potentially important implications on the capital cost and operating costs of an algae 
cultivation system.  
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From laboratory to pilot scale: Using axenic strains for microbial screenings 
minimises effects of contaminating organisms on nutrient preferences. The same applies to 
the use of pure chemicals, as the selection of media composition to achieve high maximum 
growth rates should be conducted with the highest accuracy to minimise uncontrolled 
effects caused by contaminating elements. Once a nutrient combination leading to 
improved growth performance has been selected for a strain, the microalgal performance at 
small scale provides the basis for a target productivity at large scale cultivations. 
Subsequent experiments (e.g. effect on precipitation properties) can then be used to 
optimise large scale cultivations. This process may include translation of analytical grade 
media composition to equivalent media designs suitable for large scale cultivations using 
technical grade chemicals (fertiliser). Additional media components such as sulphate or 
contaminating chemicals are likely to occur in fertilisers used for production scale farming 
applications and should be comprised in future nutrient optimisation approaches. The 
refinement of media composition for requirements occurring from production conditions at 
larger scale can likely be performed using the same high-throughput growth screening 
method [272]. Nitrogen (supplied as ammonia, nitrate or urea) and phosphorous fertiliser 
supply remain a significant financial and energetic cost for microalgae cultivation systems, 
hence its consumption must be properly managed. Therefore wastewater resources should 
be considered both for nutrient and water supply, while strains specific nutrient 
preferences can guide strain selection and dilution factor for a given waste stream. 
 
Pilot scale experiments will define new questions to be addressed at laboratory 
scale: The optimal nutrient combinations determined from the high-throughput screens of 
this study should not be taken as a definitive optimal formulation for large scale 
cultivations due to the large amount of varied parameters. However, the results do provide 
valuable insights to guide pilot scale nutrient optimisation trials. Maintaining species-
specific optimal nutrient conditions at larger scale has the potential to improve preferential 
growth conditions of a target algae strain and hence biomass productivities. These 
conditions require further analysis in terms of the cultivation system design. For example 
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large scale ponds are susceptible to developing multiple zones of different biochemical 
properties and operational variables can affect the optimal levels for other nutrients. In 
some cases nutrients may need to be maintained at a fixed concentration to minimise 
physic-chemical effects and toxicity. 
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5.4  Photosynthetic performance comparison at pilot scale trials 
The first step of all algae-derived products is the photosynthetic production of biomass, 
cultivated in ponds or specific photobioreactors (e.g. flat-panel or tubular systems). 
Chapter 4 compares the performance of a reference (Chlorella sorokiniana (12_A9)) and 
high productivity microalgae strain Chlorella sp. (11_H5) (two production candidate 
strains selected based on the analysis in chapter 3) in high-rate-ponds, flat-panel 
bioreactors (0.75 m and 1.5 m high) and tubular bioreactors (0.74 m and 1.49 m high) 
under subtropical field conditions.  
 
Photosynthetic performance: An ideal microalgae production system should absorb all 
incident solar radiation (ideally at high flux density to minimise area requirements) and 
utilise it at the highest possible PCE. The reported PCE values are based on total incident 
solar irradiation rather than on PAR to align the results more closely with established 
industry standards (e.g. photovoltaics). The highest observed daily photosynthetic 
conversion efficiency (PCE) based on illuminated bioreactor surface area was 4.44% in the 
high flat-panel systems using C. sorokiniana (12_A9) (40.8 g.m-2.d-1, 0.23 g.L-1.d-1). The 
highest achieved mean PCE (PBR surface based) was 2.5% in the low tubular bioreactor 
with Chlorella sp. (11_H5) (mean: 24.9 g.m-2.d-1, 0.43 g.L-1.d-1). Each system has its 
strengths and weaknesses but the low flat panel systems gave the highest areal 
productivities while the tubular systems gave the highest volumetric productivities. 
 
Optimisation of total light absorption for next generation cultivation system 
designs: Mean PCE (illuminated surface) values for Chlorella sp. (11_H5) based on total 
solar irradiance were found to be HRP (0.94%), high flat panels (1.60%), high tubular 
systems (2.01%), low tubular systems (2.50%) and low flat panels (0.80% - artefactually 
low due to a mixing problem during the experiment). Consequently an important design 
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principle for next-generation systems development is the optimisation of total light 
absorption and the level of light dilution, while at the same time maintaining temperature 
stability of the system. 
The comparison of PCE based on captured light (i.e. the illuminated PBR surface) and 
total light (i.e. the illuminated ground area) has shown that the areal efficiency of the 
system could be increased if designed to capture more of the light incident upon a given 
area. On the other hand, if land area is much less expensive than bioreactor unit cost, 
areal productivity may not be significant in comparison to volumetric productivity. 
 
Illuminated surface area: A correlation was observed for C. sorokiniana (12_A9) 
between Photon Conversion Efficiency and illuminated SA:V ratio in terms of areal 
productivity. Chlorella sp. (11_H5) appeared to perform better at high light and 
temperatures. 
The infrared component (~52%) of the spectrum contributes to the heat load upon the 
microalgae production systems which increases with the surface area. The sensitivity of the 
microalgae production system to heat load also increases with its surface area to volume 
ratio. High biomass productivity requires that microalgae are kept within a strain specific 
optimal temperature range. Consequently, managing infrared light absorption offers an 
alternative for minimising incident heat load, to spray or active cooling. Future system 
designs could theoretically integrate infrared reflective films to help stabilise culture 
temperatures. An advance on this concept is the integration of new infrared absorbing 
photovoltaic materials which are transparent to the visible region of the spectrum required 
for algal culture [315]. This approach could enable the generation of standalone ancillary 
power to support more distributed systems. An alternative method of controlling photo-
bioreactor temperatures involves the use of heat exchange systems. However detailed 
techno-economic and life-cycle analyses are required to evaluate the respective benefits and 
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cost implications of these technologies in terms of improvements to the overall 
economic return and energy balance of the system. 
 
Monitoring of system parameters: System inputs (light, nutrients, CO2), outputs 
(biomass, nutrient uptake, O2 and CO2) and population dynamics (micrographs and flow 
cytometry) were monitored to define key production parameters.  
The high-throughput nutrient screen (Chapter 3) resulted in Chlorella sp. (11_H5) to be a 
better biomass production candidate than C. sorokiniana (12_A9). This is in alignment 
with the field trials (Chapter 4) in which Chlorella sp. (11_H5) showed an overall 
increased photosynthetic performance with the tubular systems performing the best in 
terms of volumetric yield. Future designs of PBRs would benefit from improvements in 
integrated serial system control. Continuous production runs could also significantly 
improve productivity as the optimal thickness of the culture can be adjusted to conditions 
yielding the highest PCE values and maintaining individual nutrient levels within a steady 
optimal range. To maximise biomass productivity, the highest possible growth rate must 
be balanced with keeping algae cell density high.  
Future process designs require consideration of the efficient contamination management 
that can dramatically influence cell fitness and productivity. Contamination management 
can include choosing appropriate dilution rates in continuous cultivation runs to dilute out 
slower replicating organisms or apply and develop crop protection strategies for microalgal 
systems equivalent to the ones commonly used in agriculture.  
As nutrient levels were replete a more careful analysis of the complex interplay between 
incident solar radiance, light dilution and the optical thickness of the culture could be 
conducted to provide modelling guidelines (e.g. efficient nutrient supply in continuous 
cultivation regimes).  
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There are other important design consideration such as the choice of materials on the 
basis of cost, longevity and their optical properties (e.g. refractive index) to maximise cost 
benefit in terms of light delivery to the culture.  
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5.5  Closing comments 
Microalgae offer one of the most promising platforms for the production of renewable 
energy in the long-term and a wide range of other valuable products in the near-future. 
The economic production of algal biomass, at scale, will represent the culmination of a 
parallel development of algal agronomy, biology, genetic modification, bioreactor 
engineering, harvesting and the development of suitable sensors and control systems, along 
with their associated modelling and control software. This thesis has reported a 
streamlined approach from local microalgal strain isolation, the optimisation of production 
conditions at both lab and pilot scale and achieved PCEs, biomass productivities and 
biomass yields that are among the higher values reported in literature. The cultivation at 
pilot scale accommodates many potential areas for process optimisation and hence exceed 
currently reported productivity levels. The research reported also provides valuable data 
for future techno-economic and life-cycle analyses.  
 
No one innovation will suffice to overcome the challenges faced by this developing 
industry. Considering the urgency for sustainable renewable energy solutions there is a 
need to action on speeding up development processes. The field of algal biotechnology 
would greatly benefit from transparency and relative openness of sharing data, technology 
and experience. This includes knowledge transfer between highly specialised and 
interdisciplinary fields of research but also between industrial projects and basic research 
to address the right questions that hopefully lead to economic viability in the near future. 
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Abstract
Resource limitation is an escalating concern given human expansion and development. Algae are increasingly 
recognised as a promising bioresource and the range of cultivated species and their products is expanding. Compared 
to terrestrial crops, microalgae are very biodiverse and offer considerable versatility for a range of biotechnological 
applications including the production of animal feeds, fuels, high value products and waste-water treatment. Despite 
their versatility and capacity for high biomass productivity on non-arable land, attempts to harness microalgae for 
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Introduction
The global population is projected to increase from its current 
level of ~7 billion up to ~9 billion by 2050 [1]. This, together with 
unprecedented levels of lifestyle change in developing countries 
and policies designed to alleviate poverty (though global effect on 
addressing hunger appears to have recently stalled [2]), is by 2050 
forecast to result in the requirement of ~70% more food [3] and ~50% 
more fuel [4], as well as ~50% more fresh water [5] and an increasing 
amount of chemical feedstocks. To supply these resources while 
simultaneously reducing global CO2 emissions requires a transition 
away from fossil fuels, and towards renewable systems. The scale of this 
challenge should not be underestimated, given the urgent need for a 
very significant CO2 emission reduction in this decade if we are to stay 
within the so called ‘safe limit’ (2°C) defined by the Intergovernmental 
Panel on Climate Change [6]. This is an ambitious target given recent 
claims that 80% of remaining fossil fuels must be left in the ground to 
prevent progressing past this threshold [7].
Fuel, food and water resources are all inextricably connected 
within our production-consumption cycles. For example, high levels 
of fertiliser use and water desalination are already required to support 
our existing population and will likely have to increase to provide food 
and water security. This in turn requires increased fuel consumption. 
More efficient means for utilising biological systems as sustainable 
bioresources to produce food, fuel chemical feedstocks and high value 
products are becoming increasingly important as consuming ancient 
fossil fuels becomes more controversial, and the necessity of CO2 
emission reductions becomes more widely represented in global policy.
Microalgae production systems are positioned at the nexus 
of these challenges as many species have high efficiencies relative 
to conventional crops in terms of using solar energy to drive the 
conversion of CO2 to biomass (stored chemical energy). This biomass 
can subsequently be used to produce a broad range of downstream 
products. It has been widely stated that microalgae have the advantage 
that they can be produced on a proportion of non-arable land (non-
arable land is ~25% of global surface area vs. ~3% arable land area 
[8,9]) and in many cases can use saline and waste water streams. This 
theoretically opens up the opportunity to extend global photosynthetic 
capacity beyond arable lands and assist with a transition from the 
current food vs fuel position [10,11] to a more sustainable ‘food and 
fuel’ future. However the simplicity of the concept has not progressed 
to commercial reality despite a significant international research 
effort. This is primarily due to the many interconnected challenges 
of optimising biology and engineering parameters for high efficiency 
production and integrating these into commercially viable systems. 
Newly emerging strategies for high efficiency microalgae production 
[12,13] may contribute significantly to a food and fuel future but they 
are not the panacea that some have promoted. Opposing opinions that 
microalgal production systems lack the appropriate production strains 
suitable to overcome the challenges of economic and environmental 
sustainability for competitively priced biofuel production may be valid 
at the present time, but such arguments are insubstantial given the early 
stage of technology maturity, the rapid ongoing development in the 
field currently, and the large microalgae biodiversity (~350,000 species) 
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and advanced genetic engineering techniques that can be tapped for 
strain optimization [14-16]. Exploiting such a large biological resource 
is clearly an advantage but also presents a considerable undertaking, 
and high-throughput processes for strain isolation and maintenance 
are certainly required to increase the efficiency of traditionally 
laborious methods. This article describes the establishment of native 
Australian microalgae collections in terms of bioresource potential, 
and summarises the purification and cryopreservation protocols 
developed to efficiently isolate over 150 native strains from a range 
of water sources for ongoing strain development in a broad range of 
applications.
Founding A Microalgae Strain Library
International microalgae collections such as the Culture Collection 
of Algae and Protozoa (CCAP), Culture Collection of Algae at Göttingen 
University (SAG) and the University of Texas (UTEX) algae collection 
already offer a valuable resource for the provision of microalgae 
reference, research and breeding stocks. However international strain 
collections have their limitations and would benefit from augmentation 
with complementary local native strain collections which can offer 
a number of advantages. First, indigenous species are less likely to 
trigger local quarantine regulations (e.g. some imported strains are 
considered invasive ‘weed’ species or contain compounds undesirable 
for introduction into natural ecosystems). Second, indigenous species 
are generally more adapted to local climate conditions (e.g. light and 
temperature) and local biology (e.g. competitors and predators). Third, 
if correctly maintained and preserved (e.g. cryopreserved) wild type 
collections of indigenous species can be prevented from adapting to 
laboratory conditions (i.e. low selection pressures) which over time 
can result in a loss of culture robustness and suitability for large 
scale outdoor mass cultivation. Fourth, many strain collections are 
encumbered with intellectual property restrictions which specific local 
strain collections can avoid, although governments, national parks 
and private land owners can exert certain rights over commercially 
interesting strains isolated in such owned areas. The establishment 
of a phenotypically broad collection of local strains provides both a 
motherstock suited for further strain development and optimisation, 
and an improved understanding of competitor species that can 
invade aspiring monocultures of local or imported species. The aim 
of this article is to assist others with the establishment of similar local 
collections. 
Methods
Capturing a broad range of phenotypic diversity from natural 
water sources requires collection from a broad range of environmental 
conditions. In this study, saline and fresh water sources, as well as 
photoautotrophic and mixotrophic environments were sampled. 
Sampling from extreme environmental conditions is possible and 
can reveal extremophile species which continue to yield significant 
potential. ‘Moderate’ extremophiles like Dunaliella or some Tetraselmis 
strains (growing in hyper saline ponds) or Arthrospira (growing in 
alkaline ponds) are relatively easy to cultivate using these methods, but 
‘extreme’ extremophiles generally require more advanced facilities (e.g. 
60°C cultivation systems) that are not discussed here. 
Isolation of strains from water samples is indelibly influenced by 
the isolation process design, and furthermore both passive analytical 
screens (e.g. productivity and compositional monitoring) and active 
biological response screens (e.g. selection pressure applied through 
cultivation) can be used to guide the strain selection processes and 
the subsequent development of databases of strain characteristics. A 
flow diagram of the strategies used for microalgae isolation is shown 
in Figure 1.
In the strategy presented here the collection of crude water samples 
was followed by microscopic analysis (Figure 1 Native water samples) 
and subsequent incubation of the sampled species both in ‘sterile source 
water’ (to maintain species diversity) and in ‘nutrient enriched water’ 
samples supplemented with artificial medium for selection of the most 
adaptable species (Figure 1 Pretreatment). Following incubation several 
isolation techniques were employed including micromanipulation 
(Figure 1 Microman.), fluorescence activated cell sorting (Figure 1 
FACS) and dilution (Figure 1 Dilution). Once isolated the method 
of choice for long-term storage was cryopreservation (Figure 1 Cryo) 
while serial cultivation on agar plates and in liquid media (Figure 1 
Serial) was used for storage of sensitive strains. These isolates were 
identified via 18S [17,18] and 16S ribosomal sequencing [19] in 
conjunction with morphological classification (Figure 1 Identification) 
[20,21]. They were subjected to further screening to improve cultivation 
conditions and identify species for specific traits of interest (Figure 1 
Screening) and to evaluate commercial cultivation capacity (Figure 1 
Scale-up) to assist with strain selection and development for specific 
biotechnological applications. Each method step is described below.
Water samples
500 mL samples were collected from a broad range of local water 
sources in the east and south of Australia (Table 1). At the location 
site, samples were taken between the water surface and 10 cm depth. 
Samples from biofilms on plant and rock surfaces were also obtained. 
Microscopic analysis (Nikon Ti-U fitted with a Nikon Digital Sight DS-
U2, 5mp colour head; 200x and 400x magnification) was performed 
prior to further treatment to record microorganism diversity and 
provide an initial basis for morphological classification (e.g. Figure 1 
Native water samples).
Pre treatment
Sterile source water cultivation: The ‘sterile source water’ strategy 
was used to maintain maximum biodiversity. Although original water 
samples were non-sterile, the source water was sterilised (0.2 µm 
Supor® Membrane Syringe Filter, Acrodise® 32 mm, Pall Life Sciences) 
to produce a natural water supply for subculture. Sterile technique 
was practiced throughout the purification process to preserve initial 
biodiversity and prevent further contamination. The microalgae were 
cultivated (100 rpm, C10 Platform Shaker, New Brunswick Scientific; 
illumination at 10 to 100 µE m-2s-1 cool white fluorescent light, relative 
to cell density) to increase the microalgae concentration. 
Nutrient enriched water based cultivation: In this scenario 
water samples were enriched with nutrients to favour the selection of 
strains capable of fast nutrient uptake and fast growth. For nutrient 
enrichment, TP medium (TAP media [22] without acetate) was added 
to base water at a 1:3 enrichment ratio with subsequent cultivation 
for 4-7 days. Following initial enrichment and isolation, strains were 
transitioned to a range of fully artificial media including TP, TP +250 
mM NaCl, TP +500 mM NaCl, TP + vitamins (3.9 µM thiamine, 7.5 
nM cyanocobalamin, and 0.16 µM biotin, and these same vitamin 
concentrations were maintained as constant for all vitamins included 
media in this work, denoted as +V), TAP+V, 3NBBM+V [23], BG11+V 
for cyanobacteria [23], and DM+V for diatoms [23]. TAPY (TAP + 
0.35% yeast extract) was used to encourage growth of contaminating 
microorganisms to confirm establishment of axenic cultures. Reagents 
were supplied by Sigma-Aldrich, Chem-Supply and Amresco.
Citation: Jakob G, Wolf J, Bui 79/, Posten C, Kruse O, et al.6XUYH\LQJD'LYHUVH3RRORI0LFURDOJDHDVD%LRUHVRXUFHIRU)XWXUH%LRWHFKQRORJLFDO
Applications. J Pet Environ Biotechnol 4: 153. doi:3
ƣƯƵƳƽƴ
ƩƽƺǃƻƳǚƜǁǁǃƳǚJ Pet Environ BiotechnolƜƦƦơƝƣƘƕƯƼƽƾƳƼƯƱƱƳǁǁƸƽǃǀƼƯƺ ƕƷƽƲƷǄƳǀǁƷǂǇƕƷƽǂƳƱƶƼƽƺƽƵǇƔƾƾƺƷƱƯǂƷƽƼǁƴƽǀƔƺƵƯƳƕƷƽǀƳǁƽǃǀƱƳǁ
Isolation
Fluorescence activated cell sorting (FACS): FACS offers a rapid 
isolation technique to purify microalgae from the original sample 
or from contaminants. FACS has become increasingly popular in 
freshwater and marine ecology studies [24-26], and for these isolation 
procedures [27,28] due to the efficacy and high throughput aspects of 
this process. Success in this approach relies on several factors including 
the algal cell density and composition of the sample. Dominating 
species are more likely to be successfully obtained, and therefore the 
algal diversity of purified cells can be compromised. The size and shape 
of individual algae cells also has an influence on the success rate of 
sorting, and the survival rate differs from species to species because 
of sensitivity to physical stress. Fragile diatoms for example had lower 
survival rates than chlorophytes. For FACS analysis 5 mL samples of 
the sterile source water and nutrient enriched water based cultivations 
were pre-filtered (40 µm, Nylon Cell strainer, BD Falcon) into a FACS 
Figure 1: Flow chart of the isolation, maintenance and analysis connected to the establishment of a mid size microalgae strain collection for biotechnological 
applications.
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tube and analysed in a BD FACS Aria unit (BD Biosciences). The 
samples were then probed with a laser to detect individual ‘events’ 
corresponding to specific particles (e.g. algae cells or bacteria). The 
resultant dot plots present individual algae cells as population clusters 
(Figure 2a) which can be analysed in terms of parameters such as 
forward and side scatter (which represent cell size and granularity). In 
addition chlorophyll fluorescence was monitored (488 nm excitation 
wavelength, 695 ± 40 nm transmitting filter) to distinguish between 
bacteria and dead/stressed algal cells (low fluorescence) and healthy 
algae cells (high fluorescence). This is achieved through the application 
of gating thresholds (Figure 2a delineated regions) which define 
different subpopulations based on size and fluorescence (e.g. P1-P6). 
Collection sites
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,GHQWL¿HG
isolates
$XVWUDOLD4/'
Brisbane, rain water 
tank
fresh 2 7$3(QULFKPHQW+ FACS 12 12 12  12
Chlorella sp., Scenedesmus sp., Desmodesmus 
sp., Desmodesmus intermedius
$XVWUDOLD4/'
Brisbane, Nursery 1 fresh 3
7$3(QULFKPHQW
+ FACS 12 12  2 2
Chlorella sp., 
Chlorella sorokiniana, Micractinium pusillum
$XVWUDOLD4/'
Brisbane, Nursery 2
EUDFNLVK
fresh 3
7$3(QULFKPHQW
+ FACS 18 18 14 4 14
Chlorella sp., 
Chlorella sorokiniana, Micractinium pusillum, 
Scenedesmus sp.
$XVWUDOLD4/'
Brisbane, Nursery 3 fresh 1
7$3(QULFKPHQW
+ FACS 6 6 6 1 2 Chlorella sp., Micractinium sp.
Australia, NSW, 
rainforest waterfall fresh 1
7$3(QULFKPHQW
+ FACS, Micro-
manipulation
15 15 15  6 Chlorella sp., Chlorococcum sp., Chlamydomonas sp., Desmodesmus sp.
$XVWUDOLD4/'6(
7RZQVYLOOHSRUW
seaside pond
salt 1
Micro-
manipulation, 
FACS
2 2 1 2  1RFRQ¿UPHGLGHQWL¿FDWLRQV
$XVWUDOLD4/'
7RZQVYLOOHULYHURXWOHW salt 4
Micro-
manipulation, 
FACS
  18 3 8 Chlorella sp., Chlorella sorokiniana, 
$XVWUDOLD4/'1(
7RZQVYLOOHSRQG salt 1
Micro-
manipulation, 
FACS
13 4 4 9  Chlorella sp.
$XVWUDOLD4/'
7RZQVYLOOHODNH brackish 2 )$&6LQ/LTXLG 9 3 5 3 
Chlorella sp., Micractinium sp., Navicula 
pelliculosa sp.
$XVWUDOLD4/'*ROG
FRDVW¿VKWDQN fresh 2
Dilution, FACS in 
/LTXLG 18 11 4 3 
Stichococcus sp., Merismopedia sp., Elakatothrix 
sp., , Ankistrodesmus sp., Chlorella sp.
$XVWUDOLD4/'84
pond fresh 3
Dilution, Micro-
manipulation 9 5 9  3 Chlorella sp., Scenedesmus sp.
$XVWUDOLD4/'
D'Aguilar, river fresh 1
Micro-
manipulation    1 3
Ankistrodesmus sp., Chlorella sp., 
Scenedesmus abundans
$XVWUDOLD4/'&HQWUDO
coast lake (1) fresh 1
Micro-
manipulation 3 1    Chamydomonas sp., Chlorella sp.
$XVWUDOLD4/'&HQWUDO
coast  lake (2) fresh 1
Micro-
manipulation 4 1  1  Euglena sp., Chlamydomonas sp., Chlorella sp.
Australia, SA, Waikerie, 
Murray River fresh 1
Micro-
manipulation 5 3  1  1RFRQ¿UPHGLGHQWL¿FDWLRQV
Australia, NSW, Yanga, 
storm water fresh 1
Micro-
manipulation 4 1  1 
Anabaena sp., Staurastrum sp., Coleastrum sp., 
Nannochloris sp.
$XVWUDOLD4/'
Goondiwindi, creek fresh 1
Micro-
manipulation 3     Aulacoseira sp., Closterium sp., 
Table 1: Statistical analysis of algae isolation success from crude water samples. Collection sites, water characteristics, the number of water samples and strains isolated 
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In order to maximise species diversity it is important to select cells and 
discrete regions to avoid oversampling dominant species, a process that 
is simplified by FACS.
Single or multiple events (e.g. individual or multiple cells) with 
different cell size and chlorophyll content were sorted into 96 well 
plates at a gating setting of one or more events per well (Figure 2b), 
containing 150 µL of solid agar media, 150 µL of liquid media, or 150 
µL solid agar media topped with 50 µL liquid media (media as defined 
above). After sorting, microalgal growth was monitored via inverted 
microscope (Figure 2c), and success rates were ranked for each strain 
on the basis of colony formation and contamination status. Using a 
setting of three sorting events per well into liquid media yielded the 
highest success rate of single species recovery (>63%). Using a lower 
events/well setting or sorting on solid agar media resulted in a lower 
success rate (<10%) and less diverse algae populations constant with 
[29] who also reported a relationship between sorting success, culture 
media and culture vessel size of the micro well plate.
Micromanipulation: Micromanipulation is a laborious but 
powerful technique which allows the manual targeting of specific cells 
within a complex mixture. This is useful for sensitive strains and to 
increase biological diversity. Individual target cells were identified by 
microscopy (Olympus BX 41, 100x magnification) and extracted with 
a micromanipulator MM33 (Maerzhauser Wetzlar). Replaceable glass 
capillaries (Drummond Scientific, length 3.5”, outer diameter 1.14 
mm, inner diameter 0.53 mm) were used to select and transfer the cell 
into either sterile source water or nutrient enriched water as defined 
above. Individual cells were directly selected from these water samples. 
An alternative strategy involved spreading the microalgae sample (50 
µl) onto agar and selecting cells after they had settled [29]. 
Dilution technique: Dilution either in liquid or solid media can 
be used as an alternative technique to resolve and purify individual 
algae strains. Achieving effective dilution on solid media [30] involves 
streaking of a small volume of the original sample onto agar plates 
(TP or original sterile water source media) with an inoculation loop 
in a three- or four phase streaking pattern. Plates were then incubated 
(conditions as above) until colonies appeared (some originating from 
a single isolated cell) which could then be manipulated individually. 
Re-streaking was repeated until pure cell colonies were observed. In 
parallel, liquid serial dilution was performed using 96 well plates. 
Enriched as well as untreated water samples were serially diluted 
(4:1) through 48 wells filled with 500 µl of the appropriate medium. 
Samples were incubated under low light conditions (~50 µE m-2 s-1 
cool white fluorescent light) and examined daily (Nikon Ti-U inverted 
microscope).
Maintenance
Enrichment and maintenance of established isolates: Established 
isolates were enriched further with artificial media and incubated in 
larger volumes (10 mL) to increase cell number and concentration. 
For some microalgal isolates a stepwise increase of the concentration 
of artificial medium was found to be beneficial and was applied, with 
growth monitored microscopically and by optical density (OD750) 
measurements. For long term storage triplicate samples of each 
isolate were cryopreserved using 3-5 x 106 cells per cryo-vial using a 
refined two-step freezing protocol developed for microalgae [31]. 
The final volume (1 mL containing 6.5 % DMSO and 0.2 M sucrose 
(Sigma-Aldrich, Chem-Supply)) was stored at -80°C for at least 4 hours 
before being transferred to -196°C for long-term storage in liquid N2 
vapour phase. Strains that could not be efficiently cryopreserved were 
maintained through serial cultivation using both liquid and solid 
media.
Analysis
Screening: Screening for desirable properties is an ongoing 
process that can be repeated once a microalgal collection has been 
established. The isolates can be re-screened for a variety of applications, 
and where breeding is not possible, rapidly advancing methods 
for engineering microalgae can enable further advancement. The 
screening characteristics used here are therefore illustrative only. The 
principles, however are universal – very specific screens are usually time 
consuming so early rapid screening for indicative traits can be utilised 
first, followed by specific screening on a smaller subset of parameters. 
The isolates obtained in this work were initially screened on the basis of 
biomass productivity, and have already been subjected to a rigorous set 
of secondary screens and this work will be reported in the near future.
Identification: Only a subset of ~20% of strains, which performed 
well in early screens, were selected for full identification (though this is 
clearly flexible). Identification consisted of morphological investigation 
(Olympus BX42 and Nikon Ti-U, 200x and 400x magnification) [20,21] 
Figure 2: FACS isolation process. (A) FACS dot plot based upon laser excitation (y-axis) and forward scatter (x-axis) of cell mixtures which facilitates population 
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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&PLFURDOJDOLVRODWHJURZWKLQLQGLYLGXDOZHOOVPRQLWRUHG
DW[PDJQL¿FDWLRQ
Citation: Jakob G, Wolf J, Bui 79/, Posten C, Kruse O, et al.6XUYH\LQJD'LYHUVH3RRORI0LFURDOJDHDVD%LRUHVRXUFHIRU)XWXUH%LRWHFKQRORJLFDO
Applications. J Pet Environ Biotechnol 4: 153. doi:3
ƣƯƵƳƽƴ
ƩƽƺǃƻƳǚƜǁǁǃƳǚJ Pet Environ BiotechnolƜƦƦơƝƣƘƕƯƼƽƾƳƼƯƱƱƳǁǁƸƽǃǀƼƯƺ ƕƷƽƲƷǄƳǀǁƷǂǇƕƷƽǂƳƱƶƼƽƺƽƵǇƔƾƾƺƷƱƯǂƷƽƼǁƴƽǀƔƺƵƯƳƕƷƽǀƳǁƽǃǀƱƳǁ
and molecular classification by rDNA analysis. For the latter, DNA was 
isolated according to [32] though a 10 min sonication step was required 
to break open the cell walls of numerous wild type strains. Both18S and 
16S ribosomal DNA analysis was performed. The amplification of 18S 
rDNA and its sequencing was outsourced to the Australian Genome 
Research Facility (AGRF). The analysis of 16S rDNA was performed 
in house using two ‘universal’ primers [19] that specifically target 
cyanobacteria and eukaryotic photosynthetic plastids. PCR amplicons 
were sequenced at AGRF. Sequences were aligned using nucleotide 
BLAST (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) against the 
‘nucleotide collection (nr/nt)’ database.
Results and Discussion
To establish this subset of our local microalgae strain library, water 
samples were sourced from 17 locations which included rainforest water 
sources, creeks, ponds and rivers, brackish/saline seaside ponds and 
river outlets, as well as artificial systems such as rainwater tanks, plant 
nurseries and fish tanks (Table 1). Clearly the biodiversity recovered 
from any biodiscovery program is dependent upon the biodiversity of 
the original water samples. The number of species recovered from a 
given water sample may be related to the trophic status of the source 
(i.e. oligo-, meso- or eutrophic) [33]. It has been previously reported 
[34] that oligotrophic conditions can have a higher level of species 
biodiversity for algae and while eutrophic water sources may contain 
more algae, species biodiversity is often lower as fewer species tend to 
dominate. Our observations supported this, and isolation processes 
yielded more isolates from eutrophic water sources.
In this study the 17 locations sampled, initially yielded a total of 167 
non-axenic isolates. Of these ~95% were Chlorophytes (e.g. Chlorella, 
Chlorococcum, Scenedesmus and Chlamydomonas), ~4% cyanobacteria 
(e.g. Anabaena and Merismopedia) and diatoms (e.g. Navicula), and 
~1% were unidentified cell types. 104 strains were recovered using the 
sterile source water approach and 63 were obtained using the nutrient 
enrichment water method. Although source and treatment specific, the 
fact that the sterile source water approach generally yielded a greater 
biodiversity suggests that it may be the better standard method for the 
establishment of bio-diverse local microalgae culture collections. For 
the isolation of fast growing strains higher levels of nutrient enrichment 
were beneficial.
120 of the initial non-axenic strain samples were recovered using 
FACS, 42 using micromanipulation, and 5 by dilution. This clearly 
shows the benefit of using FACS as a platform for developing local 
microalgae strain collections as it can sort and dispense over 500 
events per hour, particularly if augmented with strains isolated using 
micromanipulation to increase biodiversity. Using a combination of 
FACS and micromanipulation yielded an average of approximately 
10 ±7 strains per water sample. Using a FACS setting of 3 sorting 
events instead of 1 per well resulted in only slightly higher bacterial 
contamination levels, but increased the success rates of recovering 
algal cell isolates. Despite this it was noted that the survival rate of 
sorted algae cells rose when 3 events per well were used and so this is 
suggested as a sensible starting point for FACS purification. It was also 
noted that the use of 96 well plates instead of 384 well plates improved 
species recovery, with 150 µL solid agar media topped with 50 µL liquid 
media being the preferred media configuration.
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Of the 167 non-axenic isolates, 121 were purified to the axenic 
level. This was confirmed by microscopic investigation of cultures 
supplemented with acetate and yeast extract as a carbon source to 
encourage heterotrophic growth and demonstrating the absence of 
contamination. Antibiotic treatment in some cases was able to assist 
with the production of axenic cell lines, but in many cases proved 
toxic to the algae themselves and so was of limited utility. Overall 
approximately 90% of the 121 axenic strains were purified from 
bacteria simply by using FACS or through repeated subcultivation on 
carbon-free agar media. The remaining 46 non-axenic isolates could 
not be successfully purified from contaminating bacteria. This may 
indicate the presence of either strong adhesion of the bacteria to the 
algae cells or the presence of endogenous bacteria. The observation that 
most of the non-axenic algae cultures visibly exhibited a white biofilm 
around the cells, suggests that the former was predominantly the case. 
Furthermore certain species having complex shapes (e.g. constricted 
symmetrical arrangements, spiral twisted, colonial or filamentous) 
such as the Chlorophyte Staurastrum proved more difficult to purify 
from bacterial contamination. Whether these strong interactions 
between the bacteria and algae are simply physical or represent a form 
of symbioses remains to be established, however it is commonly noted 
in our open pond trials and by others that in healthy and relatively stable 
raceway pond systems many bacteria and algae can coexist effectively. 
Indeed one benefit to their presence may be that the bacteria use the 
dissolved oxygen in the culture produced through the photosynthetic 
reactions of microalgae. The importance of this is that dissolved oxygen 
levels become increasingly inhibitory to algae photosynthetic processes. 
A further benefit of bacterial interactions might be the synthesis of 
essential vitamins required by certain algae (e.g. Vitamin B12 [35]), as 
well as some other beneficial compounds [36].
Of the 121 axenic cultures 57 were successfully cryopreserved 
using the method of Bui et al (47% success rate) [31]. Strains having 
a diameter of 3 to 50 µm were effectively recovered although some of 
the very large strains proved difficult. While acceptable this step of the 
process would clearly benefit from improvement. Critical parameters 
include the optimisation of light level as high light can result in 
oxidative damage, as well as in the optimisation of nutrient conditions 
for specific strains.
Of the 64 strains that could not be cryopreserved 24 were lost 
during serial subcultivation. One reason for this is that the standard 
media used may not be sufficiently specific to the needs of individual 
species. Ongoing research is therefore required to optimise media 
composition. 
Initial species identification was based on morphological 
classification but was refined through ribosomal sequencing. 
Ribosomal sequence analysis can be based on 18S rDNA and 23S rDNA 
analysis (derived from the nuclei of eukaryotes), or on 16S rDNA 
analysis (derived from chloroplasts and mitochondria) present in both 
eukaryotic microalgae and prokaryotic cyanobacteria. In this study 18S 
rDNA analysis was used as the primary rDNA analysis method but was 
supplemented with 16S rDNA analysis, contributing to the expansion 
of this resource. The 18S rDNA sequencing approach has the advantage 
that corresponding databases (e.g. NCBI) are more advanced than those 
for 16S rDNA, making it possible to achieve a higher quality of strain 
identification. Furthermore the 18S rDNA approach can currently 
enable identification to the species level in many cases. In practice 
our analysis typically yielded sequence identities of >95% but less 
than 100%, suggesting that while closely related to some strains in the 
online database, many of these wild isolates have not been previously 
catalogued. Exact matches occurred at low frequency and in some cases 
two or more hits with a similar identity greater than 95% were noted. 
Theoretically the combined use of 18S and 16S rDNA sequence analysis 
may facilitate improved identification and could also resolve the origin 
of specific plastids within a given species, contributing not only to 
species identification but the evolutionary relationships between 
specific nuclear and plastid genomes.
Conclusion
In this paper we have demonstrated a streamlined process for 
microalgae recovery from a broad range of water sources and used 
this to conduct a mid-scale survey of species native to Australian 
waters. Typically the water sources collected yielded ~10 strains of 
microalgae per sample, of which approximately half could be effectively 
cryopreserved to minimise maintenance costs and genetic drift, with 
most of the remainder being amenable to traditional subculture. 
Through the use of rDNA sequence analysis and morphological 
examination the resultant isolates were identified, either to the genus or 
species level providing a solid basis to assist the international research 
community with the establishment of multiple local strains collections 
to maximise microalgae species recovery as a breeding stock for cell lines 
beneficial for a wide range of biotechnological applications including 
the production of food, fuel, chemical feedstocks, high value products 
and for applications for wastewater treatment and bioremediation. 
Although there are already large international algae collections, 
the benefit of local strains collections include the establishment of 
robust, well adapted and locally derived breeding stocks that are 
often without the IP encumbrance associated with commercial strain 
collections. These can be used for the development of improved cell 
lines for a wide range of biotechnological applications. At a time 
when the global population is expanding from ~7 to ~9 billion people 
by 2050 and food, fuel and water demands are predicted to increase 
by 70%, 50% and 30% respectively the importance of establishing 
such diverse stocks becomes apparent. The ongoing exploration of 
the diversity of microalgal biology is already yielding advances in 
high performance wild types with commercial potential and genetic 
characteristics that could enable improvements for engineered strains. 
Initial screens focused on biomass productivity as a primary criteria 
(being a critical economic driver for commercialisation) but ongoing 
strain development will require further screens for a range of other 
useful characteristics including oil composition and profile, predator 
resilience, flocculation and other traits that enhance harvestability (e.g. 
floatation or sedimentation), and capacity for wastewater systems and 
bioremediation.
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Appendix B 
 
Recent advancement in genomics and molecular biology for 
microalgae 
Advancements in the field of molecular biology of microalgae will not only facilitate strain 
identification but will also contribute to develop techniques of genetic manipulation which 
offers a powerful tool for fine-tuning microalgal biofuel production. 
 
Genetic Engineering for Microalgae Strain Improvement in 
Relation to Biocrude Production Systems 
Evan Stephens1,2, Juliane Wolf1,2, Melanie Oey1, Eugene Zhang1, Ben Hankamer1,2 and Ian 
L Ross1,2,* 
 
1 The University of Queensland, Institute for Molecular Bioscience, Queensland, Australia 
2 The University of Queensland, Solar Biofuels Research Centre, Queensland, Australia 
* Corresponding author Ian L Ross: i.ross@imb.uq.edu.au 
 
Relevant sections for the context of this thesis incorporated from Book 
Chapter [1]: 
Strain development through the use of molecular biology has greater flexibility than 
conventional breeding and strain development techniques. This may translate to increases 
in overall productivity (greater volumes to process) and greater carbon density (higher 
grade biocrude output) and so is of importance for advancing this production strategy.  
Knowledge of algal genetics is not yet as sophisticated as other model systems. The ability 
to engineer algal biology is correspondingly limited at present, but is growing rapidly. Here 
we discuss the ongoing development of molecular research for greater understanding of 
microalgae systems. 
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Genetic Research in Microalgae: To engineer beneficial traits into production strains, 
sufficient knowledge of algal biology is required to conduct targeted optimisation. The 
recently expanded library of available algal genomes is a welcome advance but is of limited 
utility until these genomes are systematically mapped, curated, annotated and understood; 
a much more time consuming task than the actual sequencing. Systematic approaches such 
as the generation of knockout mutants of all Chlamydomonas genes at Stanford University 
[2] and the transcriptomic (FANTOM) approaches pioneered at RIKEN in Japan [3] are 
needed to provide the ability to quickly and with certainty assign biological functions to 
specific genes and curate algal genomes similarly to those of mammals. While microalgal 
genomes are undoubtedly simpler than the human genome, the resources allocated to 
studying them are miniscule by comparison, and the molecular toolkit is sparse, especially 
the lack of specific antibodies. 
 
Advancements in Genomics: Genome sequencing and sequence analysis is an 
important first step in deepening our understanding of microalgal systems and ultimately 
developing improved engineering processes. Only a very small number of genomes are 
available, particularly when considered against the huge microalgal species diversity, 
however the number of genome sequencing programs is steadily increasing (see table 1). 
The National Centre for Biotechnology Information (NCBI) now contains 25 green algae 
genomes either in full, as scaffolds, or for which sequencing is currently underway 
(www.ncbi.nlm.nih.gov/genomes). Furthermore there are novel bioinformatic tools (e.g. 
KEGG assignments accessible at www.genome.jp/kegg), and as BioModels databases 
accessible at www.ebi.ac.uk/biomodels-mainwww.ebi.ac.uk/biomodels-
mainwww.ebi.ac.uk/biomodels-mainwww.ebi.ac.uk/biomodels-main) become available 
online they will enable researchers to predict and characterise gene regulatory pathways, 
forecast outcomes of metabolic shifts, and functionally annotate de novo genomes of 
diverse algal species. 
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able 1: U
pdate on available algal genom
e sequences, ongoing and future genom
e sequencing projects. 
 C
lass 
Species 
Strain 
P
roject type 
G
enom
e 
size 
(M
b) 
N
o. genes 
R
eference 
Chlorophytes 
(green algae) 
Chlam
ydom
onas reinhardtii 
CC-503 
G
enom
e 
121 
15143 
[4, 5] 
 
Chlam
ydom
onas incerta 
? 
EST 
N
D
 
 
http://tbestdb.bcm
.um
ontreal.ca/searches/login.php 
 
V
olvox carteri 
U
TEX
2908 
G
enom
e 
138 
14437 
[6] 
 
D
unaliella salina 
CCA
P19/18 
G
enom
e 
 
 
Joint G
enom
e Institute (JG
I) 
 
Chlorella variabilis  
(form
er: Chorella vulgaris) 
N
C64A
 
G
enom
e 
46 
9791 
[7]  
 
H
aem
atococcus pluvialis 
 
 
 
 
[8], project to be 
 
Scenedesm
us obliquus 
 
 
 
 
[8], project to be 
 
O
edogonium
 cardiacum
 
 
Chloroplast 
genom
e 
 
 
[8], project to be 
 
Pseudendoclonium
 akinetum
 
 
Chloroplast 
genom
e 
 
 
[9]  
 
Coccom
yxa subellipsoidea 
C-169 
G
enom
e 
49 
9915 
[10] 
 
Botryococcus braunii 
 
G
enom
e 
 
 
Joint G
enom
e Institute 
 
M
esostigm
a viride 
 
EST 
 
 
http://tbestdb.bcm
.um
ontreal.ca/searches/login.php 
 
N
ephroselm
is olivacea 
 
EST 
 
 
http://tbestdb.bcm
.um
ontreal.ca/searches/login.php 
 
U
lva linza 
- 
EST 
- 
6519 
[11] 
 
Leptosira terrestris 
 
Chloroplast 
genom
e 
 
 
[12]  
 
Pedinom
onas m
inor 
 
Plastid genom
es 
 
 
[8], project to be 
 
M
onoraphidium
 neglectum
 
SA
G
 48.87 
G
enom
e 
 
16761 
[13]  
Eustigm
atophyta 
N
annochloropsis gaditana 
 
G
enom
e 
34 
3558 
Q
ingdao Inst. Bioe. Biop. Tech. 
Prasinophytes 
O
streococcus tauri 
O
TH
95 
G
enom
e 
13 
7892 
[14]  
 
O
streococcus lucim
arinus 
CCE9901 
G
enom
e 
13 
7651 
[15]  
 
O
streococcus sp. 
R
CC809 
G
enom
e 
12 
 
Joint G
enom
e Institute 
 
M
icrom
onas pusilla 
CCM
P1545 
G
enom
e 
22 
10575 
[16]  
 
M
icrom
onas sp. 
R
CC299 
G
enom
e 
21 
10056 
[16] 
 
M
. pusilla ? 
R
CC809 
G
enom
e 
21 
 
[16] 
 
Bathycoccus prasinos 
BBA
N
7 
G
enom
e 
18 
 
Joint G
enom
e Institute 
R
hodophytes 
Cyanidioschyzon m
erolae 
10D
 
G
enom
e 
17 
6170 
[17]  
 
G
aldieria sulphuraria 
 
G
enom
e 
14 
6723 
[18]  
 
Porphyta yezoensis 
 
EST 
43 
10327 
K
asuza D
N
A
 R
esearch Institute 
 
Chondrus crispus 
 
G
enom
e 
105 
9843 
[19]  
 
Porphyridium
 purpureum
 
 
G
enom
e 
20 
8355 
[20]  
G
laucophytes 
Cyanophora paradoxa 
 
G
enom
e 
70 
27921 
[21]  
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G
laucocystis nostochinearum
 
 
EST 
 
 
U
ni M
ontreal 
Stram
enopiles 
(diatom
s) 
Thalassiosira pseudonana 
CCM
P1335 
G
enom
e 
32 
13025 
[22]  
 
Thalassiosira oceanica 
 
G
enom
e 
92 
34684 
[23]  
 
Phaeodactylum
 tricornutum
 
CCP1055/1 
G
enom
e 
27 
10398 
[24]  
 
Fragilariopsis cylindrus 
CCM
P1102 
G
enom
e 
81 
 
Joint G
enom
e Institute 
 
Pseudo-N
itzschia m
utiseries 
CLN
-47 
G
enom
e 
 
 
Joint G
enom
e Institute 
 
A
m
phora sp. 
CCM
P2378 
G
enom
e 
 
 
[25]  
 
A
ttheya sp. 
CCM
P212 
G
enom
e 
 
 
[25] 
 
Fragilariopsis kerguelensis 
 
 
 
 
T. M
ock, U
. East A
nglia, U
SA
 
 
Ectocarpus siliculosus 
Ec32 
G
enom
e 
214 
16256 
[26]  
 
A
ureococcus anophagefferens 
CCM
P1984 
G
enom
e 
57 
11522 
[27]  
 
 
 
 
 
 
 
H
aptophytes 
Em
iliania huxleyi 
CCM
P1516 
G
enom
e 
168 
38549 
[28]  
 
E. huxleyi 
R
CC1217 
G
enom
e 
 
 
The G
enom
e A
nalysis Centre (TG
A
C), U
K
 
 
E. huxleyi 
CCM
P371 
EST 
 
 
U
niversity of Iowa, U
SA
 
 
Phaeocystis antarctica 
 
 
 
 
Joint G
enom
e Institute 
 
Phaeocystis globosa 
 
 
 
 
Joint G
enom
e Institute 
 
Pavlova lutheri 
 
EST 
 
 
U
niversity M
ontreal 
 
Isochrysis galbana 
CCM
P1323 
EST 
 
 
U
niversity M
ontreal 
Cryptophytes 
G
uillardia theta 
CCM
P2712 
G
enom
e 
87 
24840 
[29]  
 
G
uillardia theta 
 
G
enom
e 
350 
302 
[30]  
 
H
em
iselm
is andersenii 
 
N
ucleom
orph 
genom
e 
0.572 
 
N
CBI 
 
G
onom
iom
onas sp. 
A
TCC 50108 
EST 
 
 
U
niversity M
ontreal 
 
G
onom
iom
onas sp. 
 
EST 
 
 
U
niversity of Iowa, U
SA
 
 
Chroom
onas m
esostigm
atica 
CCM
P1168 
 
 
 
[31]  
Chlorarachniophytes 
Bigelowiella natans 
CCM
P2755 
 
94.7 
 
Joint G
enom
e Institute 
A
lveolates 
(D
inoflagellates) 
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Algal genetics lags far behind algal physiology, much of which is common to plants in 
specific detail as well as general principles. To fill this gap, high throughput gene analysis 
and bioinformatics will be critical for rapid mapping of the overall territory, even if 
painstaking molecular analysis is still needed for final validation of proposed biochemical 
and information pathways. 
 
The algal genes that have so far been studied in detail illustrate this need. Significant 
changes to cell status, such as nutrient limitation (sulphate, nitrogen, iron, copper), lead 
not to up-regulation of a few receptors or import proteins, but to coordinated changes of 
thousands of genes, which resemble those waves of altered gene expression seen in 
multicellular organisms. Only high throughput mapping can provide the necessary 
background to support the efficient dissection of these biological responses. Apart from 
nutrient limitation, the kinds of coordinated responses which might be expected include 
photoacclimation, responses to predators and pathogens, differentiation-like developmental 
programs, and adaptions to environmental niches. Fortunately, many of the tools 
developed for the study of other organisms can readily be adapted for algal biology.  These 
include powerful genome editing platforms either developed (zinc finger nucleases, 
TALENs [32, 33]) or under development (CRISPR/Cas [34]). Although not yet routine, 
the ability to conduct precise genome engineering will greatly advance the speed and scope 
of algal GM production. 
 
Techniques for Genetic Modification of Algae: Characteristics such as high-photon 
conversion efficiency, fast growth rate, high growth density, high oil/carbon content, ease 
of harvesting and high pathogen/predator resistance all represent aspects of importance for 
the development of high efficiency microalgal production strains. So far however, there 
have not been any reports of a single species that is able to meet each of these criteria. 
The importance of microalgae bio-prospecting and breeding, apart from establishing a solid 
basis for high efficiency strain development, lies in the identification of novel biological 
mechanisms and algal systems which can be exploited by genetic engineering. Ideally these 
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will form libraries of traits, which in combination with tools to conduct species-specific 
engineering will enable strain customisation. In this context it is of note that algae possess 
three genetic systems: the nuclear, the mitochondrial and the plastid genome, each of 
which may be genetically manipulated. The green alga Chlamydomonas reinhardtii is 
arguably the most widely used model alga, at least in terms of fundamental biology; its 
physiology is well described, multiple mutants exists, all three of its genomes have been 
sequenced [4, 35, 36] and a range of molecular tools have been developed to facilitate its 
genetic engineering. A detailed review on “Techniques for Genetic Modifications of Algae” 
(molecular toolkits, transcriptional and translational control of transgenes) and “Strategies 
to improve gene expression levels” are given in section 1 of {Stephens, 2014 #25}. 
 
Apart from C. reinhardtii few algal species have been subjected to extensive genomic 
manipulation. As it seems unlikely that C. reinhardtii will be used for commercial biofuel 
applications, this needs to be remedied. Because of the phylogenetic and structural 
diversity of algae, methods established for C. reinhardtii cannot necessarily be easily 
transferred to other species and may require major adaptations. Therefore recent efforts 
have been made to develop molecular toolkits to increase the range of other more suitable 
algal species for commercial production scenarios.  
 
A number of algae species have been transformed successfully. For example Euglena 
gracilis was transformed with an antibiotic resistance marker [37] and Porphyridium spp. 
using a herbicide resistance cassette [38] RNAi has also been used to engineer nuclear 
genes in the chlorophyte Dunaliella salina [39] and in the diatom Phaeodactylum 
tricornutum [40]. Applicable genetic modifications of green algae for industry are the 
transformation of Haematococcus pluvialis [41, 42], an important producer of astaxanthin, 
and Dunaliella salina [43-46] used for β-carotene production. Diatoms are also important 
commercial sources for aquaculture feedstock, specialty oils such as omega-3 fatty acids or 
uses in nanotechnology due to their unique silica frustules. There has been one report of a 
nuclear transformation of dinoflagellates [47]. Red algae have been used for both 
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chloroplast transformation [38] and nuclear transformation [48, 49]. A human growth 
hormone (hGH) has been successfully expressed in the nucleus of Chlorella vulgaris [50] 
and a fish growth hormone (GH) in Nannochloropsis oculata [51]. Transformation 
techniques using a cellulolytic enzyme to weaken the cell walls and make the cells more 
competent for the uptake of foreign DNA has been successfully applied to the green algae 
Chlorella ellipsoidea [52] and may be applicable for the transformation of other algal 
species with tough cell walls in future. A synthetic biology approach to engineer complex 
photosynthetic traits from diverse algae into a more controllable production strains has 
been shown using an ex vivo genome assembly to transfer genes for core photosystem 
subunits from Scenedesmus into multiple loci in the Chlamydomonas plastid genome [53]. 
 
Advantages of algae as heterologous expression systems: Algae as heterologous 
expression system are comparable to plant systems primarily for their ability to produce 
proteins with post-translational modifications. They may not replace the established and 
commercialised bacterial and mammalian expression systems but offer the potential for 
biological products which are difficult to produce in an active form in prokaryotic systems 
and are expensive to make in eukaryotic systems (e.g. antibodies). They also offer 
advantages over conventional systems to be chosen for new products which cannot be 
produced in other systems (e.g. cancer-toxin [54]) and therefore provide a valuable 
opportunity for the industry. 
 
One advantage that can make transgenic microalgae systems competitive in the field of 
pharmaceutical proteins is that many algae lack endotoxins or human pathogens [55, 56] 
and many are therefore ‘Generally Recognized As Safe’ (GRAS). This could allow for a 
reduction of necessary purification steps during downstream processes as well as simplify 
quality control and therewith allay production costs. Another advantage of algae compared 
to higher plants is vegetative reproduction, leading to uniform clones with comparable 
production rates. This relates to product quality, e.g. demonstrated as certain beneficial 
posttranslational modifications, product stability or biosafety. Microalgae systems display 
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high growth rates and need only a short time from transformation to product formation so 
that scale up could be implemented within a few weeks within commercial processes.  The 
cultivation can be inexpensive due to the relatively low costs of typical mineral media 
needed and therefore supplying a large scale robust growing system which can yield 
cheaply extractable high volume production. This provides possible cost savings during 
production processes, which could play a role in special fields, where large quantities of 
products are required at low costs such as recombinant antibodies or veterinary products. 
 
Microalgae have already been established as biotechnological production systems and 
approved by the U.S. Food and Drug Administration U.S. Food and Drug Administration 
for a number of secondary metabolites useful as food additives or cosmetics [57-63], for the 
production of carotene using Dunaliella salina [64] and Lutein as an antioxidant and food 
colorant. Antiviral activities have been shown. Vaccination concepts for a large number of 
diseases prevalent in developing nations based on recombinant antigen expression in 
microalgae could result in inexpensive production and distribution as well as long-term 
storage at room temperature [65, 66]. Edible vaccines are a possible field of application for 
algal expression systems, combining biosafety issues with inexpensive production and 
storage and therefore opening up making products accessible for less developed countries 
[67]. In the context of regulatory aspects in the pharmaceutical sector, novel expression 
systems have to offer significant advantages over conventional systems to be chosen for 
new products. The possibility to use a closed photobioreactor system contributes to 
reducing the risk of contamination and prevents transgene dispersing into the 
environment. 
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Appendix C 
 
Table 1: Water sample tracking sheet for the microalgae strain isalation database. The table lists 
Pilot Plant Water Samples (PPWS) numbering, collection date and sample origin and water body 
characteristic. 
   
Pilot Plant Water Samples (PPWS)
PPWS
collection 
date sample origin, water characteristic
1 28.02.11
Australia, QLD, Brisbane, Ancona 
St, Strathpine (Evan's house), rain 
water tank
2 01.03.11
Australia, QLD, Brisbane, Ancona 
St, Strathpine (Evan's house), rain 
water tank
3 14.03.11
Australia, QLD, Brisbane, North 
lakes, fresh water
4 14.03.11
Australia, QLD, Brisbane, North 
lakes, fresh water
5 17.03.11
Australia, QLD, Brisbane, Antz 
plantz nursery (APN.001), fresh 
water
6 17.03.11
Australia, QLD, Brisbane, Antz 
plantz nursery (APN.002), fresh 
water
7 17.03.11
Australia, QLD, Brisbane, Antz 
plantz nursery (APN.003), fresh 
water
8 17.03.11
Australia, QLD, Brisbane, Blue sky 
nursery (BSN.001), fresh water
9 17.03.11
Australia, QLD, Brisbane, Blue sky 
nursery (BSN.002 RIVER), brackish 
water
10 17.03.11
Australia, QLD, Brisbane, Blue sky 
nursery (BSN.003), fresh water
11 17.03.11
Australia, QLD, Brisbane, Logan's 
nursery (LN.001), fresh water
12
Australia, NSW, Lamington NP, 
fresh water (just after a waterfall 
in rapid flowing water)
13 22.08.11
Australia, QLD, Townsville Port, 
seaside pond
14 22.08.11
Australia, QLD, Townsville outlet, 
seast
15 22.08.11
Australia, QLD, Townsville, surface 
muds outlet
16 22.08.11
Australia, QLD, Townsville, Beach 
mud
17 22.08.11
Australia, QLD, Townsville, Rock 
algae
18 22.08.11 Australia, QLD, Townsville, Marina
19 22.08.11
Australia, QLD, Townsville, Jupiters 
Pond
20 22.08.11 Australia, QLD, Townsville, Lake 1
21 22.08.11 Australia, QLD, Townsville, Lake 2
22 Evan Gold coast
23 Private Fishtank gold coast
24
Australia, QLD, UQ, IMB roof, open 
pond
25 19.11.11
Australia, QLD, D'Aguilar National 
Park
26 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
27 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
28 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
29 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
PPWS
collection 
date sample origin, water characteristic
30 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
31 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
32 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
33 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
34 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
35 21.11.11
Australia, QLD, Brisbane, 
Wellington Point
36 27.11.11
Fraser Island Woongoolba creek to 
River Heads (sea Side)
37 27.11.11
Fraser Island Lake Boomanjiin, 
Camp side ("tea tree lake")
38 27.11.11 Fraser Island Lake McKenzie
39 27.11.11
Fraser Island Lake Boomanjiin, 
Camp side ("tea tree lake")
40 27.11.11
Fraser Island Lake Birrabeen 
(north)
41 27.11.11 Noosa Heads, Rockpool 1
42 27.11.11 Noosa Heads, Rockpool 2
43 06.01.12
Waikerie, Murray River, Lions Park, 
Leonard Norman Drive
44 06.01.12
Eusten, Murray River, Euston Club 
Resort, Murray Tce
45 06.01.12 Lake Benanee, NSW 2737
46 06.01.12 Yanga Rest Area
47 06.01.12 Hay, Murrumbidgee River Overflow
48 06.01.12
Hay, Murrumbidgee River, Sandy 
Point
49 06.01.12
Waterhole, 37 km West of West 
Wyalong
50 06.01.12
Bland Creek, 68 km south of 
Forbes, 2671 NSW 
51 06.01.12
Caragatel Flood Channel, 25 km 
southwest of Forbes
52 06.01.12
Brigalow Creek, 5 km north of 
Goondiwindi
53 06.01.12 Mt Nebo
54 18.12.11 Bribie Island
55 Pond trial 2 (Urea)
56 Pond trial 3
57 2.2013 Pond Pinjarra Hill Pilot Plant
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w
ell E5
16S
 seq.
yes
yes
9_G
6
D
IED
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.002 
R
IV
ER
), brackish 
JW
ppw
s.009, FA
C
S
 
plate 1, 
population 1, 
w
ell G
6
0.32
16S
 seq.
yes
9_B
9
C
hlorophyta 
C
hlorella 
sorokiniana
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.002 
R
IV
ER
), brackish 
JW
ppw
s.009, FA
C
S
 
plate 1, 
population 2, 
w
ell B
9
10.28
N
7.5 P10 
(N
H
4N
O
3)
yes
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cryopreserved 
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in %
)
rR
N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
9_G
8
C
hlorophyta 
S
cenedesm
us ?
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.002 
R
IV
ER
), brackish 
JW
ppw
s.009, FA
C
S
 
plate 1, 
population 2, 
w
ell G
8
32.96
16S
 seq.
N
8.4 P2 
(N
H
4C
l)
yes
0.274
0.067
0
0
0
0.041
0.034
0.059
0.084
0.048
9_E12
TA
P, F/2 
D
IED
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.002 
R
IV
ER
), brackish 
JW
ppw
s.009, FA
C
S
 
plate 1, 
population 3, 
w
ell E12
12.53
16S
 seq.
yes
10_A
6
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.003), 
fresh w
ater
JW
ppw
s.010, FA
C
S
 
plate 1, 
population 1, 
w
ell A
6
12.8
16S
 seq.
N
7.5 P2 
(N
H
4N
O
3)
yes
0.217
0.033
0
0
0.038
0.030
0
0.001
0.029
0.076
10_D
4
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.003), 
fresh w
ater
JW
ppw
s.010, FA
C
S
 
plate 1, 
population 1, 
w
ell D
4
13.73
yes
yes
10_E5
C
hlorophyta 
S
cenedesm
us ?
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.003), 
fresh w
ater
JW
ppw
s.010, FA
C
S
 
plate 1, 
population 1, 
w
ell E5
24.72
16S
 seq.
N
11.3 P2 
(N
H
4N
O
3)
yes
10_A
8
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.003), 
fresh w
ater
JW
ppw
s.010, FA
C
S
 
plate 1, 
population 2, 
w
ell A
8
0.075
16S
 seq.
N
11.3 P2 
(N
H
4N
O
3)
yes
1
0
_
B
9
C
h
lorop
h
yta/
 
C
h
lorella sp
.
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.003), 
fresh w
ater
JW
ppw
s.010, FA
C
S
 
plate 1, 
population 2, 
w
ell B
9
recovered
16S
 seq./ 
18S
 seq.
N
1
2
.6
 P
2
 
(N
H
4
C
l)
yes
0.474
0.158
#
N
U
M
!
0
0.090
0.151
0.109
0.119
0.127
0.125
10_H
9
C
hlorophyta 
C
hlorella sp.
TA
P
A
ustralia, Q
ueensland, 
B
risbane, B
lue sky 
nursery (B
S
N
.003), 
fresh w
ater
JW
ppw
s.010, FA
C
S
 
plate 1, 
population 2, 
w
ell H
9
8.56
16S
 seq.
N
13.2 P2 
(N
aN
O
3)
yes
0.174
0.097
0
0
0.068
0.111
0.085
0.090
0.083
0.139
11_F4
D
IED
A
ustralia, Q
ueensland, 
B
risbane, Logan's 
nursery (LN
.001), 
fresh w
ater
JW
ppw
s.011, FA
C
S
 
plate 1, 
population 1, 
w
ell F4
11_F5
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, Q
ueensland, 
B
risbane, Logan's 
nursery (LN
.001), 
fresh w
ater
JW
ppw
s.011, FA
C
S
 
plate 1, 
population 1, 
w
ell F5
recovered
16S
 seq.
N
4.2 P10 
(N
H
4C
l)
yes
0.390
0.000
0
#
N
U
M
!
0.152
0.050
0.176
0.195
0.110
0.097
1
1
_
H
5
C
h
lorop
h
yta 
M
icractin
iu
m
 sp
.
TA
P
A
ustralia, Q
ueensland, 
B
risbane, Logan's 
nursery (LN
.001), 
fresh w
ater
JW
ppw
s.011, FA
C
S
 
plate 1, 
population 1, 
w
ell H
5
recovered
N
3
.8
 P
2
 
((N
H
2
)2
C
O
)
yes
0.297
0.052
0
0
0.076
0.095
0.074
0.049
0.097
0.103
11_A
8
C
hlorophyta 
C
hlorella ?
TA
P (D
IED
 
on plate)
A
ustralia, Q
ueensland, 
B
risbane, Logan's 
nursery (LN
.001), 
fresh w
ater
JW
ppw
s.011, FA
C
S
 
plate 1, 
population 2, 
w
ell A
8
15.47
16S
 seq.
yes
yes
11_G
7
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, Q
ueensland, 
B
risbane, Logan's 
nursery (LN
.001), 
fresh w
ater
JW
ppw
s.011, FA
C
S
 
plate 1, 
population 2, 
w
ell G
7
recovered
16S
 seq.
N
15 P10 
(N
H
4N
O
3)
yes
0.126
0
0.426
0.871
0.098
0.043
0
0.033
0.073
0.044
11_D
12
C
hlorophyta 
C
hlorella sp.
TA
P
A
ustralia, Q
ueensland, 
B
risbane, Logan's 
nursery (LN
.001), 
fresh w
ater
JW
ppw
s.011, FA
C
S
 
plate 1, 
population 3, 
w
ell D
12
28.92
16S
 seq.
N
15 P2 
(N
H
4N
O
3)
yes
0.357
0.096
0
0
0.112
0.067
0.113
0.070
0.115
0.114
12_A
5
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 1, 
population 2, 
w
ell A
5
recovered 
2.96
N
12.6 P10 
(N
H
4C
l)
yes
0.066
0.043
0
0
0.047
0.033
0.111
0
0.099
0
12_C
7
C
hlorophyta 
D
esm
odesm
us sp.
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 1, 
population 2, 
w
ell C
7
12.64
N
11.3 P10 
(U
rea)
yes
12_E7
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 1, 
population 2, 
w
ell E7
6.76
N
13.2 P10 
(N
aN
O
3)
yes
0.067
0.054
0
0
0.067
0.039
0.028
0.024
0.072
0.071
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cryopreserved 
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rR
N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
12_H
9
C
hlorophyta 
B
otryococcus ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 1, 
population 3, 
w
ell H
9
recovered
N
13.2 P10 
(N
aN
O
3)
yes
1
2
_
A
9
C
h
lorop
h
yta 
C
h
lorella 
sorokin
ian
a
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 1, 
population 3, 
w
ell A
9
recovered
N
1
1
.3
 P
2
 
(N
H
4
N
O
3
)
yes
12_B
9
C
hlorophyta 
B
otryococcus ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 1, 
population 3, 
w
ell B
9
recovered
N
7.5 P10 
((N
H
2)2C
O
)
yes
0.065
0.073
0
0
0.080
0.056
0.060
0.040
0.052
0.064
12_D
8
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 2, 
population 2, 
w
ell D
8
recovered
N
7.5 P10 
((N
H
2)2C
O
)
yes
0.106
0.055
0
0
0
0.064
0.034
0.065
0.059
0.096
12_D
5
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 2, 
population 2, 
w
ell D
5
recovered
N
7.5 P10 
(N
H
4N
O
3)
yes
0.154
0.066
#
N
U
M
!
#
N
U
M
!
0
0.047
0.056
0.068
0.082
0.088
12_C
9
C
hlorophyta 
B
otryococcus ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 2, 
population 3, 
w
ell C
9
N
8.4 P10 
(N
H
4C
l)
yes
12_E4
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 2, 
population 1, 
w
ell E4
2.24
N
7.5 P10 
((N
H
2)2C
O
)
yes
0.062
0.067
0
0
0.021
0.067
0.056
0.058
0.076
0.042
12_B
3
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 2, 
population 1, 
w
ell B
3
6.44
N
12.6 P10 
(N
H
4C
l)
yes
0.094
0.066
0
0
0.045
0.062
0.061
0.068
0.059
0.061
12_B
5
C
hlorophyta 
C
hlorella ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
JW
ppw
s.012, FA
C
S
 
plate 2, 
population 2, 
w
ell B
5
0.5
N
13.2 P10 
(N
aN
O
3)
yes
0.063
0.077
0
#
N
U
M
!
0.063
0.045
0.054
0.044
0.066
0.044
12_01
C
hlorophyta 
C
hlam
ydom
onas ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
G
J
ppw
s.012, agar 
plate picked, 
population 1
N
3.8 P10 
((N
H
2)2C
O
)
yes
1
2
_
0
2
C
h
lorop
h
yta 
C
h
lorococcu
m
 
sp
.
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
G
J
ppw
s.012, agar 
plate picked, 
population 2
recovered
N
1
5
 P
1
0
 
(N
H
4
N
O
3
)
yes
12_03
C
hlorophyta 
B
otryococcus ?
TA
P
A
ustralia, N
S
W
, 
Lam
ington N
P, fresh 
w
ater w
aterfall
G
J
ppw
s.012, agar 
plate picked, 
population 3
recovered
N
15 P2 
(N
H
4N
O
3)
yes
13_A
5
D
EA
D
   
TA
P
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
13_C
5
D
EA
D
 
TP+
V
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
14_1
TP+
V
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
ppw
s.014, agar 
plate picked, 
population 1
14_2
TP+
V
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
ppw
s.014, agar 
plate picked, 
population 2
14_3
D
EA
D
 
TP+
V
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
ppw
s.014, agar 
plate picked, 
population 3
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cryopreserved 
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rR
N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
14_4
TP+
V
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
ppw
s.014, agar 
plate picked, 
population 4
14_E8
C
yanobacteria ?
TP+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville outlet, 
seast
G
J
ppw
s.14, liquid 
isolation plate 
A
4, FA
C
S
 plate 
14_A
4 
15_F1
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, surface 
m
uds outlet
G
J
ppw
s.15, liquid 
isolation plate 
A
3, FA
C
S
 plate 
15 population 
N
3.8 P2 
((N
H
2)2C
O
)
yes
15_G
5
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, surface 
m
uds outlet
G
J
ppw
s.15, liquid 
isolation plate 
A
3, FA
C
S
 plate 
15 population 
N
12.6 P2 
(N
H
4C
l)
yes
15_B
2
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, surface 
m
uds outlet
G
J
ppw
s.15, liquid 
isolation plate 
A
3, FA
C
S
 plate 
15 population 
3.36
N
7.5 P10 
((N
H
2)2C
O
)
yes
15_C
6
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, surface 
m
uds outlet
G
J
ppw
s.15, liquid 
isolation plate 
A
3, FA
C
S
 plate 
15 population 
N
30 P2 
(N
H
4C
l)
yes
1
5
_
E4
C
h
lorop
h
yta 
C
h
lorella 
sorokin
ian
a
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, surface 
m
uds outlet
G
J
ppw
s.15, liquid 
isolation plate 
A
3, FA
C
S
 plate 
15 population 
recovered
N
4
.2
 P
2
 
(N
H
4
C
l)
yes
15_E6
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, surface 
m
uds outlet
G
J
ppw
s.15, liquid 
isolation plate 
A
3, FA
C
S
 plate 
15 population 
30
N
7.5 P10 
((N
H
2)2C
O
)
yes
0.162
0
0
0
0
0
0.037
0.000
#
N
U
M
!
0.081
16_C
8
D
ied 
TP+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
16_C
9
D
ied 
TP+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
16_B
9
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
4.2 P2 
(N
H
4C
l)
yes
16_D
7
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
3.8 P10 
((N
H
2)2C
O
)
yes
16_D
11
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
3.8 P10 
((N
H
2)2C
O
)
yes
16_F6
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
3.8 P10 
((N
H
2)2C
O
)
yes
16_A
8
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
7.5 P10 
(N
H
4N
O
3)
yes
16_B
10
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
11.3 P10 
(N
H
4N
O
3)
yes
16_G
5
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
V
A
ustralia, Q
LD
, 
Tow
nsville, B
each m
ud
G
J
ppw
s.16, liquid 
isolation plate 
A
2, FA
C
S
 plate 
16_A
2 
N
12.5 P10 
(N
H
4C
l)
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A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
17_A
9
C
hlorophyta 
C
hlorella ?
TP+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
A
1, FA
C
S
 plate 
17 population 
13.04
N
13.2 P10 
(N
aN
O
3)
yes
0.257
0
0
0
0.046
0.055
0.087
0
0.084
0.072
17_B
2
C
hlorophyta 
C
hlorella ?
TP+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
A
1, FA
C
S
 plate 
17 population 
27.52
N
4.2 (10 
(N
H
4C
l)
yes
0.266
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
17_E7
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
w
ell A
1, FA
C
S
 
plate 17 
yes
17_C
11
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
w
ell A
1, FA
C
S
 
plate 17 
16.56
N
11.3 P10 
(N
H
4N
O
3)
yes
0.177
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
17_D
4
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
w
ell A
1, FA
C
S
 
plate 17 
11.84
N
7.5 P10 
(N
H
4N
O
3)
yes
0.248
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
17_F7
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
w
ell A
1, FA
C
S
 
plate 17 
19.52
N
3
0
 P
1
0
 
(N
H
4
C
l)
yes
0.255
0
0
#
N
U
M
!
0.213
0.108
0.095
0
0.082
0.056
17_H
9
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Rock algae
G
J
ppw
s.17, liquid 
isolation plate 
w
ell A
1, FA
C
S
 
plate 17 
33.52
N
4.2 P10 
(N
H
4C
l)
yes
0.190
19A
7_G
3
C
hlorophyta 
C
hlorella ?
TA
P+
V
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
19_A
4
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell C
7, FA
C
S
 
plate 19_C
7 
19_D
2
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell C
7, FA
C
S
 
plate 19_C
7 
19_B
5
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
19C
7_D
2 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
19_G
2
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell C
7, FA
C
S
 
plate 19_C
7 
19_H
10
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell C
7, FA
C
S
 
plate 19_C
7 
19_C
11
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell C
7, FA
C
S
 
plate 19_C
7 
19_G
11
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell C
7, FA
C
S
 
plate 19_C
7 
19_G
9
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
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S
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possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
19_B
8      
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
19A
7_C
8
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
19A
7_E4
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Jupiters 
Pond
G
J
ppw
s.19, liquid 
isolation plate 
w
ell A
7, FA
C
S
 
plate 19_A
7 
20_C
6
C
hlorophyta 
C
hlorella ?
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Lake 1
G
J
ppw
s.20, liquid 
isolation plate 
w
ell A
8, FA
C
S
 
plate 20_A
8 
N
4.2 P2 
(N
H
4C
l)
yes
20_A
8
D
EA
D
 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Lake 1
G
J
ppw
s.20, liquid 
isolation plate 
w
ell A
8, FA
C
S
 
plate 20_A
8 
20_G
3
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Lake 1
G
J
ppw
s.20, liquid 
isolation plate 
w
ell A
8, FA
C
S
 
plate 20_A
8 
recovered
2
0
_
G
1
0
C
h
lorop
h
yta 
M
icractin
iu
m
 sp
.
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Lake 1
G
J
ppw
s.20, liquid 
isolation plate 
w
ell A
8, FA
C
S
 
plate 20_A
8 
recovered
N
3
.8
 P
2
 
(N
H
4
N
O
3
)
yes
20_D
7
TA
P+
salt 
(250m
M
)
+
C
ef
A
ustralia, Q
LD
, 
Tow
nsville, Lake 1
G
J
ppw
s.20, liquid 
isolation plate 
w
ell A
8, FA
C
S
 
plate 20_A
8 
21D
9_E7
D
EA
D
 
TP+
salt 
(250m
M
)
+
S
i+
V
A
ustralia, Q
LD
, 
Tow
nsville, Lake 2
G
J
ppw
s.21, liquid 
isolation plate 
w
ell D
9, FA
C
S
 
plate 21_D
9 
21D
9_E9
N
avicula 
pelliculosa
D
EA
D
 
TP+
salt 
(250m
M
)
+
S
i+
V
A
ustralia, Q
LD
, 
Tow
nsville, Lake 2
G
J
ppw
s.21, liquid 
isolation plate 
w
ell D
9, FA
C
S
 
plate 21_D
9 
21_G
2
D
ied 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Lake 2
G
J
ppw
s.21, liquid 
isolation plate 
w
ell D
9, FA
C
S
 
plate 21_D
9 
21_F7
D
ied 
TA
P+
salt 
(250m
M
)
A
ustralia, Q
LD
, 
Tow
nsville, Lake 2
G
J
ppw
s.21, liquid 
isolation plate 
w
ell C
9, FA
C
S
 
plate 21_C
9 
22_1
C
hlorophyta 
unknow
n sp. ?
TA
PY
G
J
PPW
S
 22 agar 
plate
2.56
N
11.3 P10 
(N
H
4C
l)
yes
0.141
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
22_2
C
hlorophyta 
C
hlorella ?
TA
PY
G
J
PPW
S
 22 agar 
plate
N
11.3 P10 
(N
H
4C
l)
yes
0.058
0
0.371
0
0
0
0
0
0
0
22_3
C
hlorophyta 
unknow
n sp. ?
TP+
C
EF
G
J
PPW
S
 22 agar 
plate
37.6 (on TP 
only)
N
13.2 P10 
(N
aN
O
3)
yes
22_4
C
hlorophyta 
S
tichococcus ?
TP+
V
G
J
PPW
S
 22 agar 
plate
C
ryopreserve
d +
 recovered
22_G
10
TP+
V
G
J
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N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
23__B
5
D
ied 
TA
P+
salt 
(250m
M
)
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ell B
5
23_C
6
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ell C
6
C
ryopreserve
d +
 recovered
23_A
1
D
ied 
TA
P+
salt 
(250m
M
)
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P1, 
w
ell A
1
23_C
1
C
yanobacteria 
C
hlorella sp.?/ 
M
erism
opedia ?
TP+
S
i+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P1, 
w
ell C
1
23_D
9
C
hlorophyta 
unknow
n sp. ?
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P3, 
w
ell D
9
N
15 P2 
(N
H
4N
O
3)
yes
23_E9
C
yanobacteria ?
D
EA
D
   
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P3, 
w
ell E9
23_G
8
C
hlorophyta 
Elakatothrix ? 
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ellG
8
4.08
N
15 P2 
(N
H
4N
O
3)
yes
23_D
11
C
hlorophyta 
unknow
n sp. ?
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P3, 
w
ellD
11
2.6
N
15 P2 
(N
H
4N
O
3)
yes
23_E5
C
hlorophyta 
unknow
n sp. ?
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ell E5
N
15 P2 
(N
H
4N
O
3)
yes
23_D
4
A
nkistrodesm
us 
sp.
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P1, 
w
ell D
4
23_A
5
C
hlorophyta 
unknow
n sp. ?
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ell A
5
1.38
N
15 P2 
(N
H
4N
O
3)
yes
23_A
8
C
hlorophyta 
unknow
n sp. ?
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ell A
8
23.5 (TP)
N
15 P2 
(N
H
4N
O
3)
yes
23_B
6
C
hlorophyta 
unknow
n sp. ?
TP+
V
A
ustralia Q
LD
                           
Private Fishtank gold 
coast
G
J
ppw
s.23, FA
C
S
 
plate 23 
population P2, 
w
ell B
6
2.72
N
3.8 P10 
(U
rea)
yes
24_A
2
C
hlorophyta 
C
hlorella ?
TA
PY
A
ustralia, Q
LD
, U
Q
, 
IM
B
 roof, open pond
G
J
Pond first trial, 
serial dilution 
w
ell A
2 isolated 
species 1
recovered
N
8.4 P10 
(N
H
4C
l)
yes
0.074
0
0
#
N
U
M
!
0
0.034
0.071
0
0.081
0
24_B
3
C
hlorophyta 
C
hlorella ?
TA
PY
A
ustralia, Q
LD
, U
Q
, 
IM
B
 roof, open pond
G
J
Pond first trial, 
serial dilution 
w
ell B
3 isolated 
species 2
24.48
N
30 P2 
(N
H
4C
l)
yes
0.299
0.099
0
0
0.090
0.108
0.082
0.074
0.084
0.090
25_1
C
hlorophyta 
A
nkistrodesm
us ?
TP+
V
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
recovered 0.1
N
7.5 P2 
(U
rea)
yes
25_2
C
hlorophyta 
C
hlorella ?
TP+
V
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
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N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
25_3
C
hlorophyta 
S
cenedesm
us 
abundans
TP+
V
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
14.48
N
11.3 P2 
(U
rea)
yes
25_4
D
ied
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
25_5
C
hlorophyta 
A
nkistrodesm
us ?
TP+
V
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
25_6
C
hlorophyta 
C
hlorella sp.
TP+
V
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
recovered 
0.28
N
13.2 P2 
(N
aN
O
3)
yes
25_7
C
hlorophyta 
C
hlorella ?
TP+
V
D
'A
guilar national 
Park, M
ount M
ee 
forest trail -->
 Rocky 
H
ole side
G
J
ppw
s. 25 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
recovered
26_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 26         
picking from
 
plate       
species 1
26_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 26         
picking from
 
plate       
species 2
26_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 26         
picking from
 
plate       
species 3
27_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 27         
picking from
 
plate       
species 1
27_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 27         
picking from
 
plate       
species 2
27_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 27         
picking from
 
plate       
species 3
28_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 28         
picking from
 
plate       
species 1
28_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 28         
picking from
 
plate       
species 2
28_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 28         
picking from
 
plate       
species 3
29_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 29         
picking from
 
plate       
30_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 30         
picking from
 
plate       
species 1
30_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 30         
picking from
 
plate       
species 2
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source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
30_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 30         
picking from
 
plate       
species 3
31_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 31         
picking from
 
plate       
species 1
31_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 31         
picking from
 
plate       
species 2
31_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 31         
picking from
 
plate       
species 3
32_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 32         
picking from
 
plate       
species 1
32_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 32         
picking from
 
plate       
species 2
32_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 32         
picking from
 
plate       
species 3
33_1
 TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 33         
picking from
 
plate       
34_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 34         
picking from
 
plate       
species 1
34_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 34         
picking from
 
plate       
species 2
34_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 34         
picking from
 
plate       
species 3
35_1
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 35         
picking from
 
plate       
species 1
35_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 35         
picking from
 
plate       
species 2
35_3
D
ied  
TP+
S
alt 
(500m
M
)
+
V
A
ustralia, Q
LD
, 
B
risbane, W
ellington 
Point
G
J
ppw
s. 35         
picking from
 
plate       
species 3
38_1 (FR
3_1)
TP+
V
Fraser Island Lake 
M
cKenzie
G
J
ppw
s. 38         
picking from
 
plate       
species 1
C
ryopreserve
d +
 recovered
38_2%(FR3_2)
C
hlorophyta 
C
hlam
ydom
onas ?
TA
P+
V
+
S
i
Fraser Island Lake 
M
cKenzie
G
J
ppw
s. 38         
picking from
 
plate       
species 2
38_3 (FR
3_3)
C
hlorophyta 
C
hlam
ydom
onas ?
TP+
V
Fraser Island Lake 
M
cKenzie
G
J
ppw
s. 38         
picking from
 
plate       
species 3
 
299  
S
train 
accession 
num
ber
im
age (see folder "algae 
pictures Library")
D
ivision / G
enus 
(estim
ate)
M
edia
O
rigin
Isolator
O
ther
C
ells 
cryopreserved 
[viability rate 
in %
)
rR
N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
40_1 (FR
5_1)
Euglenophyta 
Euglena ?
TP+
V
Fraser Island Lake 
B
irrabeen (north)
G
J
ppw
s. 40 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
C
ryopreserve
d +
 recovered
40_2%(FR5_2)
C
hlorophyta 
C
hlam
ydom
onas ?
3N
 
B
B
M
+
V
Fraser Island Lake 
B
irrabeen (north)
G
J
ppw
s. 40 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
40_3 (FR
5_3)
3N
 
B
B
M
+
V
Fraser Island Lake 
B
irrabeen (north)
G
J
ppw
s. 40 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
40_4
D
ied       
3N
 
B
B
M
+
V
Fraser Island Lake 
B
irrabeen (north)
G
J
ppw
s. 40 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
41_1
D
ied 
Liquid 
TP+
S
alt(5
00m
M
)+
S
i
N
oosa H
eads, 
Rockpool 1
G
J
ppw
s. 41 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
42_1
D
ied 
Liquid 
TP+
S
alt(5
00m
M
)+
S
i
N
oosa H
eads, 
Rockpool 2
G
J
ppw
s. 41 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
42_2
D
ied  
TP+
S
alt 
(500m
M
)
+
V
N
oosa H
eads, 
Rockpool 2
G
J
ppw
s. 41 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
43_3 (N
S
W
 1_3)
B
acillariophyta 
D
iatom
D
ied  
Liquid 
D
iatom
 
M
edium
W
aikerie, M
urray 
R
iver, Lions Park, 
Leonard N
orm
an D
rive
G
J
ppw
s. 43 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
43_4 (N
S
W
 1_4)
D
EA
D
  
TP+
V, 3N
 
B
B
M
+
V
W
aikerie, M
urray 
R
iver, Lions Park, 
Leonard N
orm
an D
rive
G
J
ppw
s. 43 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
4
N
3.8 P10  
((N
H
2)2C
O
)
yes
43_5 (N
S
W
 1_5)
B
acillariophyta 
D
iatom
 ?
D
EA
D
 
Liquid 
D
iatom
 
M
edium
W
aikerie, M
urray 
R
iver, Lions Park, 
Leonard N
orm
an D
rive
G
J
ppw
s. 43 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
5
43_5_1  (N
S
W
1_5_1)
W
aikerie, M
urray 
R
iver, Lions Park, 
Leonard N
orm
an D
rive
G
J
ppw
s. 43 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
5
43_7 (N
S
W
 1_7)
C
hlorophyta 
unknow
n sp. ?
D
ied   
TP+
V
W
aikerie, M
urray 
R
iver, Lions Park, 
Leonard N
orm
an D
rive
G
J
ppw
s. 43 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
7
N
13.2 P2 
(N
aN
O
3)
yes
43_8 (N
S
W
 1_8)
3N
 
B
B
M
+
V
W
aikerie, M
urray 
R
iver, Lions Park, 
Leonard N
orm
an D
rive
G
J
ppw
s. 43 
M
icrom
anipulati
on raw
 w
ater 
sam
ple species 
8
46_1 (N
S
W
 
4_1)
C
yanobacteria 
A
nabaena ?
D
ied 
orignial 
W
ater
Yanga Rest A
rea
G
J
ppw
s. 46 
M
icrom
anipulati
on raw
 w
ater 
sam
ple, species 
1
46_2_1 (N
S
W
 4_2_1)
C
hlorophyta 
Pediastrum
3N
 B
B
M
 
+
V
+
S
I
Yanga Rest A
rea
G
J
ppw
s. 46 
M
icrom
anipulati
on raw
 w
ater 
sam
ple, species 
2
C
ryopreserve
d +
 recovered
 
300  
S
train 
accession 
num
ber
im
age (see folder "algae 
pictures Library")
D
ivision / G
enus 
(estim
ate)
M
edia
O
rigin
Isolator
O
ther
C
ells 
cryopreserved 
[viability rate 
in %
)
rR
N
A
 
sequencing
N
utrient 
S
creen 1
N
utrient 
S
creen 2
possible 
C-source 
acetate 
[h-1]
possible 
C-source 
glucose 
[h-1]
possible C-
source 
glycerol 
[h-1]
possible C-
source 
sucrose 
[h-1]
possible C-
source 
succinate 
[h-1]
possible C-
source 
m
annitol 
[h-1]
possible C-
source 
aaspartic 
acid [h-1]
possible C-
source 
arginine 
[h-1]
possible C-
source 
pyruvate 
[h-1]
possible C-
source 
cellobiose 
[h-1]
46_3 (N
S
W
 4_3)
C
hlorophyta 
S
taurastrum
 sp.
3N
 B
B
M
 
+
V
+
S
I
Yanga Rest A
rea
G
J
ppw
s. 46 
M
icrom
anipulati
on raw
 w
ater 
sam
ple, species 
3
46_3_1 (N
S
W
4_3_1)
C
hlorophyta 
N
annochloris sp.
Yanga Rest A
rea
G
J
ppw
s. 46 
M
icrom
anipulati
on raw
 w
ater 
sam
ple, species 
3
46_4 (N
S
W
 4_4)
C
hlorophyta 
C
oleastrum
3N
 B
B
M
 
+
V
+
S
I
Yanga Rest A
rea
G
J
ppw
s. 46 
M
icrom
anipulati
on raw
 w
ater 
sam
ple, species 
3
C
ryopreserve
d +
 recovered
52_1 (N
S
W
 10_1)
B
acillariophyta 
A
ulacoseira 
(D
iatom
) ?
Liquid 
D
iatom
 
M
edium
B
rigalow
 C
reek, 5 km
 
north of G
oondiw
indi
G
J
ppw
s. 52 
M
icrom
anipulati
on raw
 w
ater 
sam
ple
52_2 (N
S
W
 10_2)
B
acillariophyta 
D
iatom
D
ead 
Liquid 
D
iatom
 
M
edium
B
rigalow
 C
reek, 5 km
 
north of G
oondiw
indi
G
J
ppw
s. 52 
M
icrom
anipulati
on raw
 w
ater 
sam
ple
52_3 (N
S
W
 10_3)
C
hlorophyta 
C
losterium
 sp.
3N
 
B
B
M
+
V
B
rigalow
 C
reek, 5 km
 
north of G
oondiw
indi
G
J
ppw
s. 52 
M
icrom
anipulati
on raw
 w
ater 
sam
ple
54_1
D
ied 
Liquid 
TP+
S
alt(5
00m
M
)+
S
i
B
ribie Island
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
55_1
C
hlorophyta 
S
cenedesm
us sp.
TA
PY
Pond trial 2 U
rea 
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
recovered 
9.36
N
3.8 P2 
(U
rea)
yes
55_2
C
hlorophyta 
C
hlorella sp.
TA
PY
Pond trial 2 U
rea 
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
13.76
N
11.3 P2 
(U
rea)
yes
56_1
TA
P+
V
Pond trial 3
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
C
ryopreserve
d +
 recovered
56_2
TA
P+
V
Pond trial 3
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
C
ryopreserve
d +
 recovered
56_3
TA
P+
V
Pond trial 3
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
C
ryopreserve
d +
 recovered
56_4
TA
P+
V
Pond trial 3
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
C
ryopreserve
d +
 recovered
56_5
TP+
V
Pond trial 3
G
J
M
icrom
anipulati
on raw
 w
ater 
sam
ple
C
ryopreserve
d +
 recovered
57_1  (Pinjarra001, spike)
3N
B
B
M
+
V
Pinjarra Pilot Plant-open pond GJ
M
icrom
anipulati
on raw
 w
ater 
sam
ple
57_2 (Pinjarra002,round)
TA
P+
V
Pinjarra Pilot Plant-open pond GJ
M
icrom
anipulati
on raw
 w
ater 
sam
ple
C
ryopreserve
d +
 recovered
